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An attempt is made to calculate the relativistic correction to the magnetic moment of the 


deuteron in order to determine the D state probability from the accurately determined proton, 
deuteron, and neutron moments. It is found that the resulting corrections depend strongly 
on the transformation properties of the nuclear fields. If a scalar field is assumed the D state 
probability is estimated at 4.8 percent, while for a vector field the corresponding estimate is 
3.8 percent. The effect of a non-central tensor interaction is included in these estimates. It is 
concluded that the magnetic moment cannot be used for a precision determination of the 
amplitude of the D function. The results also indicate that little can be said at this time con- 
cerning the question of the additivity of the intrinsic proton and neutron moments. 





1. INTRODUCTION 


N estimate of the amount of D state required 
to account for the quadrupole moment of 
the deuteron has been made by Rarita and 
Schwinger.' They found the D state probability 
to be about 3.9 percent. This result depends to 
some extent on the assumptions made concerning 
the nuclear forces, since the quadrupole moment 
depends on the radial distribution of charge as 
well as the angular distribution. For example, 
Bethe? found a D state probability of 6.7 percent 
on the basis of different assumptions concerning 
the neutron-proton interaction. 

A more direct method for determining the 
amount of D state would be to make use of the 
recent precision measurement*® of the magnetic 
moment of the neutron along with the previous 


* This work has been carried out under the auspices of 
the Atomic Energy Commission. It was submitted for 
declassification on February 19, 1947. 

1 W. Rarita and J. Schwinger, Phys. Rev. 59, 436 (1941). 

*H. A. Bethe, Phys. Rev. 57, 390 (1940). 

a os, a. R. Arnold and A. Roberts, Phys. Rev. 70, 766 






determination‘ of the moments of the deuteron 
and proton. In ordinary Schroedinger theory 
these measurements determine the D state prob- 
ability uniquely without any reference to the 
nuclear forces. However, it has been pointed 
out by Margenau‘ and Caldirola® that rélativistic 
corrections to the magnetic moment of the 
deuteron which are not included in the ordinary 
Schroedinger theory may be of the same order 
as the D state effect. 

In their calculations, Margenau and Caldirola 
assumed that the nuclear particles move in a 
central field of force with no interaction between 
them. They also tacitly assumed that the central 
forces arise from a vector field. Since one would 
like, if possible, to make a precise determination 
of the relativistic correction of the same order 
of precision as the magnetic moment measure- 








. M. Kellogg, I. I. Rabi, M. F. Ramsey and J. R. 
Zac harias, Phys. tev. 56, 728 (1939). 
H. Margenau, Phys. Rev. 57, 383 (1940). 
OP. " Caldirola, Phys. Rev. 69, 608 (1946). 
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ment, it seems worth while to consider this 
correction in somewhat more detail. There are 
several possible deviations from the results of 
Margenau and Caldirola. In the first place, the 
force field acting on one particle arises from 
the other particle. Since the source of the field 
is moving with a velocity comparable to the 
particle, one would expect vector potential terms 
to contribute to the magnetic moment. These 
do not appear in the Margenau and Caldirola 
theories, because they have assumed that the 
field arises from a stationary center. In addition, 
it is known that the forces acting between the 
particles are not central in character. It is just 
this non-central nature of the forces which is 
required to lead to admixture of the D state.! 
It has been estimated by Rarita and Schwinger 
that the strength of the non-central forces is 
approximately ? of that of the central force. 
There are two effects of the non-central field, 
the first of which is the effect on the wave func- 
tion which is to be used in computing the rela- 
tivistic correction. The other is a change in the 
form of the relativistic correction terms. 

In addition to the above modifications to the 
Margenau and Caldirola theories, one might 
expect that the relativistic corrections would 
depend on the nature of the nuclear fields; i.e., 
whether the fields arise from 4-vector potentials 
or from scalar potentials. 

The purpose here is to attempt to carry 
through to order v*/c? a two-body calculation 
taking into account some of the effects described 
above. For this purpose it is desirable to avoid 
perturbations of the magnetic moment due to 
the meson field since we would like to see how 
well the observed results can be accounted for 
without introducing such perturbations. There- 
fore, the problem will be treated using classical 
fields. It is known that a satisfactory relativistic 
quantum theory of two interacting bodies cannot 
be written down in this case. It is possible, how- 
ever, to construct an essentially classical Hamil- 
tonian which gives the appearance of relativistic 
co-variance. This Hamiltonian can be expanded 
to terms of order v*/c?, and then the correspond- 
ence principle may be introduced to give the 
appropriate relativistic formulation of the prob- 
lem. In this theory the anomalous moments of 
the neutron and proton will be introduced by 
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adding the Pauli? type interaction with the 
electromagnetic field to the Hamiltonian. 

The one-body problem in a scalar field wil] 
first be repeated using the methods indicated 

‘above in order to indicate what deviations from 

the results of Margenau and Caldirola are to 
be expected. Then the two-body problem will 
be treated using both vector and scalar fields 
without introducing the non-central part of the 
field. Finally, the effect of non-central tensor 
forces will be considered. 

The results of these calculations indicate that 
the answer is not unique but that it depends 
strongly on the nature of the fields. As a conse- 
quence, the amount of D state as determined 
from the magnetic moment may be anywhere 
between about 3.8 percent and 4.8 percent. It can 
be hoped that a more accurate knowledge of the 
neutron-proton potential combined with a knowl- 
edge of the quadrupole moment will make it 
possible to determine the D state probability 
with some accuracy and thereby gain information 
concerning the nature of the nuclear fields. For 
this purpose it would be assumed that the 
perturbation of the intrinsic moments of the 
neutron and proton by their interaction is 
smaller than the effects under discussion. There 
is no available evidence as to the correctness of 
such an assumption. 


2. PARTICLE IN A CENTRAL FIELD 


The treatment of the one particle problem can- 
be handled as indicated by Pauli.? The Dirac 
equation modified by the addition of the Pauli 
term is written in the form 


(E—ego) g=c(o-x)x—A(o-H)y, (1) 
(E—edo+2mc*)x =c(o-x)e+d(o-H)x, (2) 


where 
h e 
=~ grad —-4, (2’) 
’ 4 c 
¢o is the scalar potential, and ¢ the vector poten- 
tial of the nuclear force field, H is the magnetic 
field vector, \ is the anomaly in the magnetic 


™W. Pauli, Handbuch der Physik (Julius Springer, 
Berlin) 24/1. 

8 W. Pauli, reference 7. It is to be noted that there is a 
ty phical error in the sign of the (6-2) term in his 

q. (39 , p. 237. 
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moment, @ is the vector whose components are 
the Pauli spin operators, and ¢ and x are the 
2-component wave functions. The wave function 
x is of the order of vg/c when the velocities are 
small. To order v*/c? these equations can be 
combined to give a modified Schroedinger equa- 
tion for the function ¢g. If we write for the 
classical Hamiltonian in the presence of a mag- 
netic field, H, then the equation for g becomes 








ee ae ee ee oe 
+ (e-x)(@-H)(e-x). (3) 
(2mc)? 
Here 
= eh . 
<< — +n) (0-H) +66, 
2m 2mc 


and E» is the energy value for the zero-order 
equation K¢yo=Eogo. In order to determine the 
magnetic moment we first seek the solutions to 
Eq. (3) when H=O and then determine the 
correction to the energy caused by the presence 
of the magnetic field by means of perturbation 
theory. The coefficient of H in the expression 
for the energy is then the magnetic moment. 
The second term in Eq. (3) can be simplified by 
commuting the factor (@-x) on the right through 
(Eo—ego). The resulting terms in the energy 
which contain the magnetic field are given by 
the average over the wave function of the 
quantity 


eh 
e= ———[(L+e)-H]—A(e-H) 
2mc 


eh 





T eh 
+— —[(L+e)-H]+ 
mc? 2mc 


2mc 4mc? 


1 
x | (8 xa-H) —[(e-1)(6-H) 
t 


r 





-(o-H)(6-1))] + (e-p)(p-H) (4) 


2m?*c? 


where L is the (dimensionless) orbital angular 
momentum operator, r is the position vector, 
p is the momentum of the particle, T is the 
kinetic energy of the particle, and & is the 
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“electric” field, i.e. &= —grad@o. The first term 
is the usual expression, and all of the other terms 
are corrections of the order v?/c*. In the absence 
of non-central fields, the term (6 X r-H) vanishes 
and the other terms may be calculated without 
reference to the shape of the potential. The result 
is found to agree with that obtained by Caldirola. 
If the field is non-central there are the two effects 
suggested above; namely, the (6Xr-H) term 
may not vanish, and the average value of the 
other terms depends on the amount of admixture 
of states in the wave function. Since the recoil 
of the source of the field has been neglected here, 
the result does not contain the specifically 
nuclear vector potential which is of the order of 
vo0/c where v is the velocity of the source of 
the field. 

It will be noted that, according to Eq. (4), 
the anomalous part of the moment does not 
depend on the nature of the nuclear forces, 
except through the wave function to be used 
in the averaging. It will be found that this 
result obtains in general. 


3. TWO-BODY PROBLEM WITH SCALAR FIELD 


Because of its relative simplicity we first treat 
the problem of the scalar field without tensor 
forces. Designating the field acting on particle 1 
(the proton) resulting from particle 2 as** U,, it 
is assumed that U; may be obtained from the 
field equation 


(101 —« U, = —i(y2°82), (5) 


where [_]; is the D’Alembertian with respect to 
the first particle, x characterizes the range of the 
nuclear forces, $2 is the current density 4-vector 
for particle 2 (the neutron) and y¢2 is a 4-vector 
which will later be identified with that which 
can be obtained from the Dirac matrices of the 
second particle; namely,’ 


v2" —— 1B 2a" 
v2' = Bo. 


All that will be required for our purpose is the 
solution of Eq. (5) to zero order in v/c. To that 


% U/, represents half of the interaction potential and U2 
represents the other half. This division is required in order 
to separate the roles of the two particles in the relativistic 
equation, Eq. (8). It will be seen below that the interaction 
potential is related to the sum of U; and U;. 
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approximation, Eq. (5) reduces to 
A, U;°— «U1 =Bop2 (6) 


where pz is the charge density of the second 
particle. The solution to this equation is of 


the form 
© Uy =62Vi(|t1—42|) (7) 


where V; is a Yukawa type potential. A similar 
expression can be found for the potential acting 
on the neutron caused by the proton. Making 
use of these potentials we may now write the 
Hamiltonian for the two interacting particles 


E+ Mc? =myc°Bi+m2c?B2+c(a1- 21) 
+c(a2:%2)+61Ui1+82U2 
om Ai(o; . H)p —)2(o2 ‘ H)p2 (8) 


where x; and x2 are the usual generalized mo- 
menta containing the vector potential caused by 
the external magnetic field (see Eq. (2’)), Ax is 
the anomaly in ‘the magnetic moment of the 
proton and ), that of the neutron. In this ex- 
pression we will only carry terms to order v?/c 
in the U. With this understanding, the wave 
equation is 

Ey=Eg, (9) 


where ¢ is now a 16-component wave function. 
In analogy to Eq. (1), we write g in terms of 
4-component functions ¢), ¢2, 93, gs. We choose 
¢1 in such a way that it is the zero order function, 
¢2 to be of order vg;/c in the first particle, g3 to 
be of order v¢g;/c in the second particle, and g% 
to be of the order v*¢,/c?. The equations for 
¢1, 2, ¢3, and g are then 


Egi=c(o1- 21) ¢2+ (02:2) 93+ Vor 
—\A1(0,-H)¢i—A2(o2-H)¢:, (10a) 


(E+ Mc?) g2=c(oi- 21) ¢1+C(o2: 2) Gs 
_ Veet Ai (oi -H) g2—A2(o,-H) go, (10b) 


(E+ Mc?) ¢3=c(o1- 21) gs +C(o2° 22) G1 
— Ves—A1(o1-H) ¢3+A21-H)¢3, (10c) 


(E+2Mc?) gs =c(oy- m1) ¢3+c(o2- 2) go 
+ Vest Ai(01-H) gitA2(o1-H) gs, (10d) 


where M=m,+m2=2m, and V=V,+ V2. 
These equations are to be treated by the 
method indicated in the previous section. Terms 
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only as high as v*/c? are to be carried, and then 
the magnetic moment is to be determined by 
treating the terms proportional to the magnetic 
field as perturbations. In the equations for the 
unperturbed system, there will be contributions 
due to retardation effects in U; and U2; but these 
effects will only affect the magnetic moment 
through their influence on the wave function. 
Thus, for example, the amount of D state con- 
tained in the deuteron wave function may be 
caused partly by tensor forces which arise in 
zero order and partly by tensor forces which 
arise in order v?/c?. A distinction between these 
two interactions is not necessary for our purpose, 
since we are primarily interested in determining 
the amount of D state from a measurement of the 
magnetic moments and not in calculating directly 
what the amount of D state should be. There- 
fore, in the determination of the corrections to 
the formula relating the magnetic moment to the 
wave functions only terms of zero order in the po- 
tential such as that given by Eq. (7) will play 
a role, 

It was mentioned in Section 2 that the correc- 
tions to the anomalous part of the magnetic 
moment are essentially independent of the nature 
of the force field. This follows directly from the 
proper manipulation of Eqs. (10). The final 
result which need not be repeated again in the 
following sections is 


€a=(2/(Mc)*)[Ai1(@1-p)+A2(o2-p) |(H-p), (11) 


where €, is the correction of order v’/c* to the 
perturbation energy which arises from the 
anomalous moments, and p is the momentum of 
the proton which is equal to the negative of the 
momentum of the neutron in the center of 
gravity coordinate system. It is to be remembered 
that A; and )2 are very nearly equal and opposite 
(A, =1.790, A2= — 1.910 in nuclear magnetons). 
Since the ground state of the deuteron is a 
triplet state, the spins @; and o are parallel so 
the two terms in Eq. (11) very nearly cancel. 
The residual is small compared with the effects 
that are of interest, so in the following ¢, will be 
neglected. 

The other terms may be obtained by the 
methods indicated in Section 2. The results are 
somewhat different because of the change in 


Ae ae Oe 





d then 
ied by 
ignetic 
‘or the 
Ju tions 
t these 
oment 
iction, 
€ con- 
lay be 
rise in 
which 

these 
pose, 
nining 
of the 
rectly 
 here- 
ys to 
to the 
he po- 
| play 


orrec- 
mnetic 
lature 
m the 

final 
n the 


(11) 


o the 
| the 
um of 
of the 
er of 
bered 
osite 
tons). 

is a 
lel so 
uncel. 
ffects 
ill be 


r the 
s are 
ye in 








MAGNETIC 








sign of the potential terms which occurs in 
Eqs. (10). This is a characteristic difference 
between the scalar field and the vector field. 
The final result for the perturbation energy due 
to the magnetic field, H, is 


eh ; 
«= ——L(Lit+e:)-H]—A.(@1-H) 


Mc 


h 
(or) +L (La +e H\QE-T)/Me? 
Cc 





rV’ eh (o,-r)(r-H) 
+ —| o-H)-—— | (12) 
4Mc? Mc : 


r 
where E is the binding energy of the deuteron, r is 
the distance between the two particles, and V’ is 
the derivative of V with respect to r. 

Under the assumption that the only inter- 
action between the particles is given by the 
central potential V, the average value of the last 
term in Eq. (12) is found to be 


(eh/Mc){(o,-H) —3(01-H))(T/2Me), (13) 


as a consequence of the Schroedinger equation. 
The angular brackets are meant to indicate the 
average over the wave function. The ground 
state of the deuteron may be assumed to be a 
4§ state since the effects of the tensor force are 
being neglected. Then the average value of this 
term is found to be 


(eh/Mc)(o,-H)(T/3Mc*), 


and the relativistic correction to the magnetic 
moment of the deuteron (measured in nuclear 
magnetons) becomes 


Au= —2(E—T/3)/Me. (14) 


For the deuteron E/Mc?=—1.2X10- and 
(T/Mc*) may be taken to be about® 5.4x10-*. 
Then the correction to the moment is found to be 


Au=6.0X10-, 


* This estimate of the kinetic energy is based on the work 
of Rarita and Schwinger (reference 1) so it is not strictly 
consistent with our assumption of no D state. In any case, 
this calculation serves only as an indication of the effect. 
Certain numerical constants which are not given in 
reference 1 were kindly provided the author by M. E. Rose 
who has recalculated them. 
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so about 0.88 percent of the deuteron moment 
would be ascribed to this relativistic effect. The 
correct relation between the moment of the 
deuteron and those of the neutron and proton is' 


up = (un tuy)(1—3D/2)+3D/4+Az, (15) 


where D is the D state probability. The above 
estimate of Ayu leads to D=5.1 percent as com- 
pared to D=4 percent obtained by Arnold and 
Roberts.* 


4. TWO-BODY PROBLEM WITH VECTOR FIELD 


The treatment given in Section 3 can now be 
repeated using a 4-vector interaction in place of 
the scalar interaction. For this purpose we 
introduce a 4-vector field, @:, which arises from 
particle 2 and acts on particle 1. @,; may be taken 
to be the solution of the equation 


[ ]@i— 2Q) = Se. 


Again, only that approximation to the solution 
of this equation which neglects retardation 
effects is required. To this approximation one 
finds 

A;'=iV,, (16a) 


Ai = (p2Vi+ Vip2) /2mec (16b) 


where A; is the 3-vector representing the spatial 
part of @;. Since the spatial components A, are 
of order v/c times the fourth component, it is 
to be expected that they will only contribute to 
the correction to the magnetic moment. 

The Hamiltonian for the two interacting par- 
ticles may now be written in the form 


E+ Mc? =m,c*8,+myzc*B2 


+qer-(=--a1)| 


+q ex (x:-=A») |+ VitVe. (17) 


c 


The contributions of the anomalous moment to 
the Hamiltonian have been ignored for the 
reasons given above. The perturbation treatment 
of the wave equations which follow from this 
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Hamiltonian leads to the result 
ch 

€&y= ——[(Li+¢6;) -H]—A:(o,-H) 
, Mc 


h 
—2(e2:H) wicad -HIT/Mc? 
Mc 





V’ eh 1° . 
r “( 0-H) —" rj(r =| 
4Mc? Mc 


r- 


2V eh 
——— —(I.‘H). (18) 
Mc? Mc 


The last term arises from the spatial part of the 
vector potential. It has been simplified by making 
use of the relation Eq. (16b) between the spatial 
part of the vector potential and the ordinary 
potential. 

The V’ term in Eq. (18) is again given by the 
expression (13) on the assumption that the 
ground state of the deuteron is a *S state, and 
the last term vanishes. Consequently, the correc- 
tion to the magnetic moment is found to be 


Au=—2(T/3Mc) = —3.6X10-, 


in agreement with the results of Margenau and 
Caldirola. The D state probability which would 
be obtained from Eq. (154) using this correction 
is 3.4 percent. Thus there is a wide difference 
between the results obtained with the two 
different types of field. 


5. THE EFFECT OF TENSOR FORCES 


In the foregoing discussion it has been assumed 
that the fields are spin independent in zero 
approximation. Thus they do not include a 
tensor interaction of the type required to ac- 
count for the quadrupole moment of the deu- 
teron, except for the fact that some tensor 
interaction would arise in higher approximations 
in v/c. It seems desirable to treat the problem 
on the assumption that the tensor interaction 
arises in zero order, since this interaction ap- 
pears to be quite strong.’ Such an interaction 
can be included in the discussion by introducing 
additional fields, either scalar or vector. 

Since the results of the calculation for a central 
field are already ambiguous, it does not seem 
worth while to go into very great detail with the 
tensor interaction. As a matter of fact, it is 
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well known that the introduction of tensor forces 
in a field theory usually carries with it potentials 
proportional to r~* for which there is no proper 
solution of the Schroedinger equation.? To avoid 
these difficulties the treatment of the fields will 
only be carried far enough to indicate the manner 
in which the tensor interaction is to be inserted 
in Eqs. (10a-d), or their equivalent. Then the 
usual tensor interaction will be inserted in the 
indicated manner. 

The scalar field may be modified by the addi- 


tion of a term 
P,=kni(yi-grad:)Wi 
where W, is a solution of the equation 
(j1Wi— «Wi = ne(y2- grads) (y2°S2), 


and m is the pseudoscalar obtained by taking 
the product of the four components of the 
4-vector yi, and 72 is similarly defined for the 
second particle. The indicated gradients are to 
be interpreted in the four-dimensional sense. 
Again, only the zero-order contributions of W, 
are of interest and in this approximation we find 


P\°=kB,(o1-grad;)(@2-grad2) V; (19) 


where the gradients are now to be interpreted 
in the three-dimensiona! sense, and the matrices 
@, and o2 are the four-dimensional matrices 
obtained by taking the direct product of the 
ordinary two-dimensional spin matrix with a 
two dimensional unit matrix. This result is a 
consequence of the fact that the time derivations 
occurring in Eq. (19) are of the order of v/c 
times the spatial gradients, so they may be 
neglected. 

The introduction of P; and of the analogous P: 
in the Hamiltonian given by Eq. (8) leads to an 
expression containing a tensor interaction. The 
feature which is of importance for our considera- 
tions is that P; is to be multiplied by 6; on 
introduction into the Hamiltonian so that the 
tensor interaction term appears with the factor 
8,7=1. Therefore, the sign of the tensor inter- 
action term is the same in all four of the equa- 
tions which are the analog of Eqs. (10a—-d). If we 
now introduce a simple tensor force of the type 


Ky =k((e1 *¥1)(@2- 2) 
—}$(@,-@2)(r1- r2) ] Vi/2rir2 (20) 
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and make use of the fact that the signs of K, and 
the analogous K, are to be the same in all four 
of the Dirac equations, the additional correction 
to the magnetic moment due to the tensor 
forces can be calculated. The resulting expres- 
sion is 

e=e,+e' (21) 


where ¢, is given by Eq. (12), and ¢’ is 


, 


€= 





e 
—} (eo; ‘rX<H) 
2Mc? Mc 


x [h(o.:grad:K)/2i—kV(e2-r)(r-p)/r? ] 

+(kV/3) (1-1 XH) (o2-p) 

+ (o2-t XH) (o:-p) ]+ (kh/3i)[(o1-r) 

X (o2:t XH) V’/r—2(6:Xe2-H) VJ}, (22) 
with K=K,+K2. 

In a similar manner, the behavior of a tensor 
term which is introduced in the vector field may 
be obtained. In this case one may add to the 
4-vector potential an additional vector inter- 
action which is given by 

1=kmi(yi-gradi)Qi 
where Q; is a 4-vector potential satisfying the 
equation 
JQ1— «°Q1 = no(y2: grads)Se. (23) 


Again, to the approximation which is of interest, 
we find 


B,°=k8,82(01-gradi)(@2-grad2)@,°, (24) 


and here, also, the important feature for our 
purpose is the fact that the potential appears 
with the factor 8:82. This factor leads to changes 
in sign which do not arise in the ordinary vector 
potential terms. The procedure has again been 
to introduce a tensor interaction of the form 


B,’= kB:B2[ (0: *I1)(@2-T2) 
—4(ri-T2)(@1-@2) }@1°/2rir2 + (25) 


into the Hamiltonian Eq. (17). The corrections 
to the magnetic moment may then be computed 
in a straightforward manner with the result 


e=e,—e +e” (26) 
where ¢, is given by Eq. (18), e’ by Eq. (22) 
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(note the negative sign of this term), and e”’ by 





wey 
€ aM rm, (h/2%)[(o1-gradeK)(e,-r XH) 


— (eo, -r XH) (o,-grad2K) + (o:-r XH) 
X (o:: Kp) —(e,-K(e,-rXH)p)}. (27) 


The correction to the moment is affected in 
two ways by the action of the tensor force. 
First there are the new terms e’ and e” given by 
Eqs. (22) and (27) which are to be added to 
the moments. Then there is the effect of the 
appreciable amount of D state contained in the 
wave function of the ground state. The latter 
effect introduces corrections to the expression 
(13) which has been used in computing the last 
term of Eq. (12). Also, cross terms between the 
S and D states appear for this term and all 
other angle dependent terms such as ¢’ and ¢’’ 
and the next to last term in Eq. (18). 

Although the tensor force is strong (k ~9/4), 
the D state amplitude is small enough' (20 
percent of the S state amplitude) for a rough 
estimate of the correction to be made without 
taking into account the change in the wave 
function. This requires a determination of the 
average values of e’ and e” in a *S state. It is 
easily found that 


(e’) = (eh/Mc)HT/4Me, (28) 


and 
(e”’) =0. (29) 


The final results for the corrections to the mo- 
ment are then found to be for the scalar field, 


A u=0.46X10~, (30) 
and for the vector field, 
Au = —0.22% 107. (31) 


The corresponding D state probabilities which 
are to be obtained from Eq. (15) are found to be 
D,=4.8 percent and D,=3.8 percent, respec- 
tively. These results are, of course, very rough 
since the cross terms between the S and D states 
have been neglected. They serve, however, to 
demonstrate that the tensor interaction decreases 
the difference between the vector and scalar 


fields. 

















































6. CONCLUSION 


Only two special types of nuclear field have 
been considered here. The “true” field may 
differ from these or it may be composed of 
a combination of the various possibilities.!°" 
Therefore, the wide difference between the rela- 
tivity effects on the magnetic moment obtained 
for the two special types of field considered 
indicates that the D state probability in the 
deuteron cannot at present be accurately deter- 
mined from the measured moment. It also 
becomes clear that the measurements of Arnold 
and Roberts* cannot be considered as evidence 
that a small perturbation of the intrinsic mag- 
netic moments of the neutron and proton does 
not occur when the particles are bound together 
in the deuteron. At best, one can conclude that 
such changes amount to no more than one or 
two percent of a nuclear magneton. 

These results do indicate that an accurate 
determination of the D state probability from 
other data, such as the quadrupole moment, 
may be used to gain information concerning the 
transformation properties of the nuclear fields. 

10©C,. Moller and L. Rosenfeld, Kgl. Danske Vid. Sels. 


Math.-Fys. Med. 17, No. 8 (1940). 
1 J. Schwinger, Phys. Rev. 61, 387 (1942). 
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For this purpose it would be necessary to assume 
that the changes in the intrinsic moments digs- 
cussed in the preceding paragraph can be neg- 
lected. 

To obtain the D state probability from the 
quadrupole moment, more detailed information 
concerning the neutron-proton interaction poten- 
tial (but not the transformation properties of the 
fields) would be required. In particular, it would 
be most desirable to be able to distinguish be- 
tween the very short range square well potential 
used by Rarita and Schwinger' in obtaining their 
estimate of D=3.9 percent and the longer range 
exponential type of potential used by Bethe? in 
obtaining the estimate D =6.7 percent. 

Even if the required information were avail- 
able, there would still be serious doubts con- 
cerning the additivity of the intrinsic neutron 
and proton moments. It appears that present 
knowledge of the ground state of the deuteron 
is in a most unsatisfactory state. 

The author had the good fortune to see, 
through the kind offices of Professor A. Roberts, 
a paper” on the same subject by Professor Breit 
before completing this manuscript. 


2G, Breit, Phys. Rev. 71, 400 (1947). 
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On the Time Required for the Fission Process* 


RoBertT R. WIiLson** 
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An experiment has been done to determine if any fissions were delayed by as much as 10~ sec. 
Less than 5X 10 of the fissions were delayed by this time. 


T is of interest to detect any measurable delay 
between the absorption of a neutron and the 
occurrence of fission. Feather! demonstrated by 
an ingenious experiment that some fissions oc- 


* This document is based on work performed in 1944 at 
Los Alamos Scientific Laboratory of the University of 
California under Contract No. W-7405-eng-36 for the 
Manhattan Project, and the information contained therein 
will appear in Division V of the Manhattan Project 
Technical Series as part of the contribution of the le 
Alamos Laboratory. 

** Now at Cornell University. 

1N. Feather, Nature 143, 597 (1939). 


curred within 5 X10-" sec., the time required for 
the compound nuclei formed by the absorption 
of very fast neutrons by uranium to be stopped 
in solid matter. His observed effect, however, 
was about one-third of that calculated. The 
experiment described here was designed to find 
if any fissions were delayed. 

The experimental arrangement is shown in 
Figs. 1 and 2. Nearly pure U** was plated uni- 
formly, 10 uwg/cm?, as oxide on platinum strips 
20 cm X0.9 cm which were fastened to the side 
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of the grid as shown in the diagram. The fission- 
able material was applied only up to about 
0.2 mm from the edges of the strips. The grid 
was the high potential (1000 volts) side of the 
two ionization chambers formed by the two 
plates a and b which were connected to two 
amplifiers. 

The method can now be explained. Fast 
neutrons from 11-Mev deuterons on Be (up to 
15 Mev) were incident from the left side in 
Fig. 1. Some of these were absorbed by the U™* 
and the recoiling U** nuclei would start across 
jonization chamber a, which was filled with 
hydrogen at a pressure of one cm Hg. If fission 
occurs instantly, the fragments could only cause 
a pulse in chamber a for no fragment could 
“see’’ into chamber 5 because of the grid. How- 
ever, if the recoils traveled even a fraction of a 
millimeter before fission, then some of the frag- 
ments could penetrate the grid and pulses would 
be recorded by chamber b. As the recoils traveled 
farther from the grid, its transparency became 
greater eventually reaching about 0.5 when the 
recoils had traveled a few centimeters. Hydrogen 
was chosen to fill the chamber because the recoil 
and fragment ranges in it are greatest. As an 
added refinement, coincidences were measured 
between chambers a and b to reduce the number 
of counts recorded in chamber 0 resulting from 
uranium impurities in that chamber. A boron 
(1 g/cm?) and cadmium shield was placed 


To amplifier b ra 


U 235 film 
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Fic. 1. Schematic diagram of the grid and 
ionization chambers. 


TIME FOR FISSION 





Fic. 2. Photograph of the assembied apparatus. 


around the whole chamber to reduce fission 
induced by thermal or low energy neutrons. 
The center of the apparatus was placed 60 cm 
from the target of the cyclotron and was oriented 
so that the fissionable material was on the side 
of the grid away from the target. A few counts 
were recorded in chamber 6 per 10° counts in 
chamber a, and this counting rate did not 
change within the statistical accuracy of counting 
when the chamber was rotated through 180° so 
that the fissionable material faced the target 
in such a way that the recoils were driven into 
the grid. The actual data are shown in Table I. 
The measured effect, obtained by subtracting the 
coincidences per count in a when the foil was 
toward the target from the same quantity when 
the foil was away from the beam, is (0.2+2.0)10°. 
A further check on the background was ob- 
tained by placing the apparatus, without neutron 
shields, in the pure thermal neutron flux of the 
graphite column. Then any counts in b would be 
spurious because there should be no recoil energy. 





















100 
TABLE I. Counting rates from fission fragments. 
Coinci- 
dences in 
_ Position of foils Counts in @ Countsinb’ aanddb 
Away from target 1.28 X 105 64 5 
Facing target 1.27 105 64 5 
Away from target 1.45 105 80 6 
Facing target 1.35 105 83 5 
In graphite 2.07 x 105 32 2 


11 10 


- =(0.2+2)x10-* 
2.73105 2.62 105 





Effect = 








As seen in Table I, the number of coincidences 
per count in @ was smaller than that obtained 
with the foil toward the target, but the number 
of coincidences per count in 6 was about the 
same. This indicates that the background ob- 
served above was induced by normal uranium 
contamination so situated that the fission frag- 
ments could pass through the grid and hence 
produce coincidence pulses in both chambers. 
The contamination was more effective for fast 
neutrons, for then the U™* content of the prob- 
ably normal uranium could also contribute to 
the spurious counting rate. The amount of this 
contamination determines the limit of sensitivity 
of this experiment. 

The lower limit to ascribe to the time for 
fission as given by the experiment depends on an 
evaluation of the geometry and the stopping 
power of the uranium film and the hydrogen gas 
for the recoils. It is perhaps best to state a time 
for fission and then determine what fraction of 
the fissions could have been delayed longer than 
that time without having been detected. 

Let us assume that the average neutron energy 
is 12 Mev. The velocity of the compound U** 
nuclei would then be about 3X10’ cm/sec. 
E. Teller has estimated roughly that the range 
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of such a fragment in U;0g, would be about 
10 wg/cm? and Aage Bohr has calculated that 
the range in Hz at a pressure of one cm Hg 
would be many centimeters. Extrapolation of 
Blackett’s? measurements on recoil nuclei check 
these calculations. Hence the recoils do travel 
away from the grid at least a few centimeters. 
The transparency of the grid for recoils a few 
centimeters away is nearly 0.5 and the time 
required for a recoil to travel say 3 cm is 10~ sec. 
The measured effect is (0.2+2)10-, and as the 
effect is smaller than the probable error we will 
use the latter and say that not more than about 
5X10-— of the fissions could have been delayed 
more than 10-7 sec. without having been de- 
tected. 

For shorter times, the‘fraction of delayed 
fissions which would have escaped detection 
increases until for a delay of about 10-" sec. the 
method is completely insensitive. The 10~”° 
second limit is determined by the time for the 
fragment to travel 0.002 cm, the shortest dis- 
tance that a recoil could travel and then just 
“see” through the grid into chamber b. 

It would be stretching the experiment a bit 
to say that not over a few percent of fissions are 
delayed more than 5 X10~°* sec. A closer scrutiny 
of the range of the recoils in the U;Og layer as 
well as in Hz gas should be made before drawing 
quantitative conclusions. 

The geometry of the apparatus might be 
reduced in such a way as to increase the resolu- 
tion of the method. For example, if the grid 
plates were made 0.01 cm wide instead of one 
cm, and if greater precautions against contamina- 
tion were used, one might detect disintegrations 
delayed by less than 10-™ sec. 


?P. M. S. Blackett, Proc. Roy. Soc. A103, 62 (1923). 
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Results of H* Bombardment of Ag Leading to Pd'” 


D. N. Kunpu anp M. L. Poow 
Ohio State University, Columbus, Ohio 


(Received April 10, 1947) 


H? has been used as the bombarding particle to effect nuclear reactions. H* was produced by 
(d, H*) reaction in Be and Ag and immediately utilized as are neutrons in a fast neutron 
bombardment. The energy of the H* particles was about 10 Mev. The target was a stack of 
Ag foils in front of which different thicknesses of Be were placed and a 10-Mev deuteron beam 
was made to impinge on the Be. The H* generated within Be, produced the 13-hour Pd 
activity in Ag foils as confirmed by chemistry. The reaction is believed to be Ag(H*, He*)Pd™. 
Spurious (m, p) reaction was estimated and corrected for. The observed range of H® in different 
materials is discussed. The threshold for the H* reaction in Ag is roughly estimated to be 


between 1.1 and 1.5 Mev. 





I, INTRODUCTION 


H*® has been suggested by many as a very 
desirable bombarding particle.’ As yet H® is not 
available to us in quantity. In order to use this 
isotope for bombardments, reactions were em- 
ployed which produced H*. The procedure is 
analogous to fast neutron bombardment. The 
experimental difficulties are, however, much 
greater than the neutron analog. The neutrons 
easily come out of the Li or Be targets whereas 
H® is stopped by a few mils of material. 

In the present investigations, H* was produced 
and utilized from the reactions? Be*(d, H*)Be® 
and Ag(d, H*)Ag’. Presumably the quantity 
of H* obtained from the bembardment of im- 
purities and from the d—d reaction* may be 
considered very small. 

Figure 1 shows a nuclear chart of the silver 
region where the work was carried on. Observa- 
tions were made on the 13-hour Pd™ activity 
which was previously known‘ to be produced by 
the reaction Ag (n, p)Pd!”. Reports by others® 
that the 13-hour activity thus produced belongs 
to Pd’ and not to Pd'”, has been confirmed in 
course of the present work by noting that this 


as io Y. Colby and R. N. Little, Phys. Rev. 70, 437 

?R. D. O'Neal and M. Goldhaber, Phys. Rev. 57, 1086 
(1940); L. W. Alvarez and R. Cornog, Phys. Rev. 58, 197 
(1940); R. S. Krishnan, Proc. Camb. Phil. Soc. 36, 500 
(1940); R. S. Krishnan and T. E. Banks, Proc. Camb. Phil. 
Soc. 37, 317 (1941); D. N. Kundu and M. L. Pool, Phys. 
Rev. 71, 140 (1947). 

*L. W. Alvarez and R. Cornog, Phys. Rev. 56, 613 
(1939) ; 58, 197 (1940). 

‘N. Feather and J. V. Dunworth, Proc. Roy. Soc. 
London A168, 566 (1938). 

*W. Rall, Phys. Rev. 70, 112 (1946). 


activity is not produced on prolonged alpha- 
bombardment of ruthenium. 

It is the purpose of this paper to show that 
the 13-hour Pd’ activity is produced by H® in 
considerable strength because of the reaction*® 
Ag'®(H*, He*)Pd™®. 


Il. EXPERIMENTAL 


A number of silver foils, each 0.001 inch thick, 
were housed in a specially designed aluminum 
target piece. In front of the stack of foils, a 
beryllium sheet was placed. The thickness of 
the beryllium could be varied arbitrarily from 
zero to 15 mils. The 10-Mev deuteron beam 
impinged upon the beryllium and, depending 
upon the thickness of the Be sheet, then pene- 
trated up toa certain depth within silver. H*® pro- 
duced in beryllium and also in silver is stopped 
in the first few foils. The last foils were subjected 
to neutron reactions only. The duration of the 
bombardment was the same in each run at 
approximately equal beam strength. Chemistry 
on preliminary samples was carried out both on 
the silver and ruthenium activations to confirm 
the elements. The decay curves of the activated 
silver foils were followed, under identical geo- 
metrical conditions. Out of a large number of 
bombardments, only five will be needed to 
explain the essential features of the present 
experiments with H*. The results of these five’ 
bombardments with beryllium thicknesses 0, 4.2, 
7.5, 14.7, and 15 mils, are detailed as follows. 

The decay curves of the silver foils in a 


§ D, N. Kundu and M. L. Pool, Bull. Am. Phys. Soc. 22, 
11 (1946). 
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deuteron bombardment of silver without any 
beryllium are shown in Fig. 2. The activities are 
in arbitrary units, and the numbers refer to 
different silver foils beginning from the front. 
Only that portion of the complete decay curves 
where the 13-hour Pd™ activity is predominately 





—- 





Fic. 1. Silver region in the chart of atomic nuclei. Heavy arrow indicates formation of Pd'®* from Ag!® 
caused by H*? bombardment. 


large has been presented on the same time scale. 
The activities in the front foils 1, 2, 3, and 4 
are widely different, whereas those in foils 5, 6, 
7, and 8, induced by neutrons, are approximately 
the same. A single curve has, therefore, been 
drawn through the points corresponding to foil 
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HOURS AFTER BOMBARDMENT 


Fic. 2. Decay curves of a deuteron bombardment on Ag foils without any Be in front. The 13-hour Pd'® and the 6.7-hour 
Cd?’ activities are shown in their relative strengths in the different foils. 
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HOURS AFTER BOMBARDMENT 


Fic. 3. Decay curves of Ag foils after bombardment by H? using 4.2 mils of Be. The 13-hour Pd‘ 
activity caused by H* and neutrons is shown; that caused by neutrons only is given by curves 4 


and 5. 


5 alone. The 6.7-hour Cd’ activity which 
monitors the deuterons of energy up to 4.6 Mev’ 
is seen in great relative strength in the first two 
foils only. This set of curves for the activities 
of the silver foils under deuteron bombardment 
wheré no beryllium had been used, served as the 
reference for all the other sets taken with differ- 
ent thicknesses of beryllium. 

Figure 3 shows the results of a similar deuteron 
bombardment on silver with 4.2 mils of beryllium 
in front of the silver foils. The activities in the 
initial foils are still considerably different, though 
not quite as widely as in Fig. 2. The activities in 
foils 4 and 5 are the same. The spread of values is 
indicated but a single curve is drawn through 
them. The amount of the 13-hour activity in 
the first three foils above the neutron activation 
level has apparently diminished. 

The manner in which the activities in the 
different foils are affected by the different thick- 
nesses of beryllium is important, for out of these 


* L. A. Delsasso, I.. N. Ridenour, R. Sherr, and W. 
White, Phys. Rev. 55, 113 (1939). 





variations will come the part played by H¥*, if 
any. In Fig. 4 are shown the results of increasing 
the thickness of beryllium to 7.5 mils. The 
13-hour activities are much lower here in all 
the foils. Those in the inner foils 2, 3, and 4 
draw closer together and the 6.7-hour Cd is 
barely visible. The foils 4 and 5 show the neutron 
effect only, indicated by a single curve as before. 
In the fourth bombardment, the energy of the 
deuterons striking the Ag foils was so much 
reduced by putting in 11.7 mils of beryllium that 
no detectable Cd'™ activity was produced. The 
results are given in Fig. 5. The 13-hour activities 
are much less than those in the previous experi- 
ments. The first foil is still much more active 
than the second. The neutron activity is seen in 
foils 3, 4, and 5 for which a single curve has been 
drawn. The points are omitted to avoid crowding 
in the figure. Also whatever may be the agent for 
the production of the Pd'™ activity, it must 
have penetrated just up to the second foil, for 
this foil is only slightly above the neutron- 
activity level. 
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HOURS AFTER BOMBARDMENT 
Fic. 4. Decay curves of Ag foils after bombardment by H? using 7.5 mils of Be. The 6.7-hour Cd!” 
is barely detectible. 
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Fic. 5. Decay curves of —— after bombardment by H? using 11.7 mils of Be. The 6.7-hour Cd" is 
absent. The points for the bottom curves 3, 4, and 5 which represent neutron activation have been 


omitted to avoid crowding. 








The fifth bombardment was made with 15 mils 
of beryllium in front of the silver foils. This 
thickness of beryllium just stops the deuterons. 
The decay curves are shown in Fig. 6. In the 
bottom curve which represents the neutron 


effect, the points for foils 2, 3, 4, and 5 are all 
very close together. The spread of values is 
indicated at a few points in the earlier part of 
the curve. The 13-hour activity is still present 
and that in the first foil is above the neutron 
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Fic. 6. Decay curves of Ag foils after bombardment by H? using 11.7 mils of Be. The 


primary deuteron beam is practically stopped within Be. A single curve has been drawn for 
foils 2, 3, 4, and 5 which represent neutron activities. ( 
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Fic. 7. Range-energy curves 

for H? and deuterons. The atomic 
stopping power of elements ac- 10 
cording to data by G. Mano. 
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activation level. It is thus suspected that some 
agent other than deuterons or neutrons must be 
operative in inducing this activity. 

In order to see that this agent is the H* pro- 
duced in silver and in beryllium and to follow 
the finer details of these curves relative to each 
other, it is necessary to find out how Hi? is 
expected to behave if it is produced in the cir- 
cumstances of the present experiments. 


Ill. RANGE OF H? 


With 10-Mev deuterons, the maximum energy 
of the H# particles produced is about 10.5 Mev 
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from a consideration of the Q’s of the reactions 
involved. From well-known® range-energy for- 
mulae, the range of a particle of energy £, 
charge Z, and mass M can be obtained from a 
known range-energy curve of another particle 
of the same charge Z and mass Mo. The range of 
the particle in question of energy E is equal to 
M/M, times the range of the known particle of 
energy (M,/M)E. For example, the range of 
10-Mev H? particles is equal to } times the range 
of deuterons of energy 6.6 Mev. If the range of 












* H. A. Bethe and M. S. Livingstone, Rev. Mod. Phys. 9, 
271 (1937). 
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LIMIT OF ACTIVITIES DUE TO H° 


of results of H* bombardment on Ag. The description of the target and the 


bombarding particle is given on the left, and the activities obtained in different foils on the right. 
Numerical values of the activities are relative, taking neutron activity as unity. 


6.6-Mev deuterons be taken as 33 cm in air, then 
the range of 10-Mev H? is approximately 49.5 cm. 

The range-energy curve for H® is constructed 
in this way from the deuteron data as shown in 
Fig. 7. In the present experiments it is of interest 
to know how far the H* produced would penetrate 
through beryllium into silver and to compare it 
with observations. For 10.5-Mev H?, the calcu- 
lated range is 55 cm. This value is, however, 
subject to some uncertainty arising largely from 
the uncertainty in the deuteron range. The 
relative stopping power of silver? was taken to 
be 2.72 mg/cm? as equivalent to 1 cm of air. To 
get the relative stopping power of beryllium 
Mano’s data” for the atomic stopping power of 
beryllium were plotted against atomic number 
giving a smooth curve also shown in Fig. 7 and 
the calculated relative stopping power, from the 
atomic stopping power of beryllium obtained by 
interpolation, is 1.18 mg/cm?. The length of an 
arrow representing H* through beryllium and 


* Reference 8, 272 (1937). 
10 G, Mano, Ann. de physique 1, 407 (1934); J. de phys. 
et rad. 5, 628 (1934). 


silver was thus calculated after reducing the 
amount of beryllium used to its equivalent silver 
thickness. These arrows are drawn through the 
foil scheme of each experiment in Figs. 2 to 7. 


IV. DISCUSSION OF RESULTS 


The results of the previous experiments are 
graphically summarized in Fig. 8 for convenience 
of discussion. On the left-hand side, a schematic 
diagram of the target is given and arrows repre- 
senting deuterons, H*, and neutrons are drawn 
through those foils which these particles may 
be expected to traverse. All the possibilities in 
which the 13-hour Pd’ activity may ordinarily 
be imagined to be produced from silver, are 
shown on the right-hand side. These are (m, p), 
(H’, He*) and (d, 2p). The activities shown are 
those at the termination time of the bombard- 
ment. The residual activity in the back foils was 
taken as unity. The 6.7-hour Cd™ activity in- 
duced by Ag'"(d, 2n)Cd' is also indicated for 
conveniently tracing the course and energy of 
the deuterons through silver. The 6.7-hour ac- 
tivity was not observed until the energy of the 
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Fic. 9. The 13-hour Pd? 
activity induced by H? in differ- 
ent foils and in different bom- 
bardments after ris the 
neutron activation. The foils are 
shown schematically. 
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deuterons was about 5.5 Mev. As the thickness 
of beryllium is increased, the tip of the deuteron 
arrow shrinks back towards the front foils. The 
deuteron range, which was larger than that of 
H? in the first set, has gradually fallen behind 
the path limit of the H® particles. Finally in the 
last set, though the deuterons have been stopped 
within the beryllium, the H* that was produced 
near the end of the deuteron range has still 
enough energy to affect at least the first Ag foil. 
This is possible only because the reaction with 
beryllium is exoenergetic. The dotted line in 
Fig. 8 on the left between silver foils approxi- 
mately indicated the depth up to which H? will 
be available. The dotted line on the right de- 
marcates the region of the increased 13-hour 
activity above that of the neutron activation. 
The two dotted lines agree very well in position 
amongst foil schemes and the corresponding ac- 
tivities. This makes it plausible that the H* 
might be responsible for the peculiar behavior 
of the 13-hour activity. 

Figure 9 is obtained by plotting the above 
13-hour activities against foil number. It is ob- 
served that with increasing thickness of Be, 
represented by the sequence A, B, C, D, E, 
the 13-hour activity on any particular foil is 
diminishing in amount. The limit of this activa- 
tion above the neutron base line is receding 
towards the front foils. This is to be expected 
because the number and energy of H* on that 
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FOIL NUMBER 


particular foil are being reduced by absorption 
and scattering within the beryllium in front. 

The way in which the activities at a particular 
depth in mg/cm? within the silver increases by 
simply increasing the amount of H* under 
identical deuteron conditions is shown in Fig. 10. 
The 13-hour activity plotted here is that obtained 
after subtracting the amount of neutron activa- 
tion. The abscissae represent the thickness of Be 
in mils used in the different experiments. As the 
thickness of beryllium increases, the activity at 
the same equivalent depth in silver rises steeply. 
This indicates that apart from the neutrons and 
the deuterons some other agent is definitely 
acting on the silver to produce the 13-hour Pd'® 
activity. The part played by beryllium to aug- 
ment the effect, and the close agreement of the 
estimated ranges of H* with those observed in 
these experiments lead to the conclusion that 
the new agent is the H* particle. The progressive 
diminution of activity with depth is caused by 
the loss of energy of the H®* particles in the 
initial foils. 

A rough estimate of the threshold energy for 
the production of Pd'® from silver can be made. 
To produce the 13-hour activity in the fourth 
foil in set A, the H* had at most an energy of 
8 X0.66/3.66=1.45 Mev. Also 8-ray character- 
istics of Pd! set the lower limit to at least 
1.1 Mev. Thus the threshold energy for the 
production of Pd in the above circumstances is 
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between 1.1 and 1.5 Mev. It may be noted that 
in set E of Fig. 8, the energy of the deuterons, 
if any succeed in reaching the first foil because 
of the slight uncertainty in the value of the 
calculated range within beryllium, will be less 
than 0.8 Mev. This energy is too small to lead 
to any (d, 2p) reaction. The H* particles have, 
however, about 3 Mev of energy which is above 
the observed threshold value for the H* reaction. 
Thus the 13-hour activity is produced by H? in 
small amount in the first foil in set E. 


V. CONCLUSION 


The observations in connection with Fig. 2 
that the 13-hour Pd'* activity is produced from 
silver in an ordinary deuteron bombardment 
have recently been confirmed at 20-Mev deu- 
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terons by others" and ascribed to the reaction 
Ag!®(d, 2p)Pd'’. But the whole series of obser. 
vations reported in the present investigations 
cannot be explained on the basis of deuteron 
reactions only. Because H® is found to explain 
the observations so well and also because a 
large amount of H* will be produced in the 
bombardment of silver with 20-Mev deuterons, 
it may be that a large part or even all of the 
13-hour activity, supposed to be caused by 
(d, 2p) reaction, is caused by H# reaction. At 
least with 10-Mev deuterons in present experi- 
mental set-up, the (d, 2p) reaction does not play 
the main role. This is so because readily measur- 
able amounts of Pd’ activity above the (mn, p) 
activation are found in the foils which lie deeper 
than the limit of the depth up to which the 
deuterons may be effective. Moreover, as the H? 
is increased at any depth, the Pd™ activity 
rises sharply. Energy considerations also favor 
the H’ viewpoint. 

With arrangements of using H* as reported 
here, since deuterons are being used as the 
primary bombarding particles and since deu- 
terons have a larger range than H', the course 
of the deuterons within the target has to be 
properly traced to avoid the possibility of 
spurious deuteron reactions. Also neutron reac- 
tions, when any are present, have to be estimated 
and corrected for separately in each individual 
run, becausé change in the amount of beryllium 
changes the number of neutrons also. The ques- 
tion whether the reaction is Ag(H*, 2p) or 
Ag(H?, He’) is undecided except for the fact that 
energy considerations favor the latter view to the 
extent of the binding energy of the He*® nucleus. 

It is expected that the reactions (H*, p) and 
(H3, d) will also proceed with ease. 

The authors are grateful for the support 
received from Mr. Julius F. Stone, the Ohio 
State University Development Fund, and the 
Ohio State University Research Fund. Thanks 
are also due the Watumull Foundation for a 
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it A. C. Helmholz, Phys. Rev. 70, 982 (1946). 
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The high neutron fluxes now available as a result of the development of chain reacting piles 


has made it possible to obtain monoenergetic neutron beams of considerable intensity by 
the method of crystal diffraction. One of the first practical applications of this method has 
been in the study of neutron resonance cross sections for low energy neutrons. 

To increase the useful intensity and hence the energy gange over which measurements can 
be made with good resolution, we have adapted the Cauchois type bent crystal spectrometer 
for use in neutron diffraction. The instrument gives good resolution of neutron resonance peaks 
of about 0.1 ev width at half maximum at energies up to 1 ev and work can be done at higher 
energies with a corresponding loss in resolution. As samples of work done with this instrument, 


absorption measurements on cadmium and iridium are discussed. 





1, INTRODUCTION 


HE fact that neutrons can give rise to 

interference effects is an obvious conse- 
quence of the wave properties of matter. The 
effects of neutron interference have shown them- 
selves in a number of experiments. A classic 
example is embodied in the work on the scattering 
of neutrons by para and orthohydrogen as a 
function of average neutron energy.’* The 
diffraction of neutrons by crystals® was first re- 
ported to be observed with cyclotron produced 
neutrons slowed down in paraffin. The neutron 
intensities obtainable in this way were presumably 
just sufficient to demonstrate the effect. 

The development of chain reacting piles has 
now given us sources of neutrons of sufficient 
intensity to put neutron diffraction in a category 
comparable with that of x-ray diffraction. One of 
the first applications of the diffraction of neutrons 
by crystals was in the study of low energy reso- 
nance absorption levels. Studies of resonance 
absorption have been made for some time with 
the modulated cyclotron.*? This method and the 


* Now at Lehigh University, Bethlehem, Pennsylvania. 

** Now a student at may of Wisconsin. 

1J. Halpern, I. Esterman, O. C. Simpson, and O. Stern, 
Phys. Rev. 52, 142 (1937). 
aan Schwinger and E. Teller, Phys. Rev. 52, 286 

3 F. G. Brickwedde, J. R. Dunning, H. J. Hoge, and J. H. 
Manley, Phys. Rev. 54, 266 (1938). 

‘L. Alvarez, Phys. Rev. 58, 1003 (1940). 
P o P. Mitchell and P. N. Powers, Phys. Rev. 50, 487 
(1941) Pp. Baker and R. F. Bacher, Phys. Rev. 59, 332 

1). 

7 James Rainwater and William W. Havens, Phys. Rev. 

70, 154 (1946). 
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crystal diffraction method have their own par- 
ticular advantages and disadvantages which, 
however, will not be discussed here. Work along 
this line has been carried on simultaneously since 
1945 at Clinton Laboratories and at the Argonne 
Laboratory.*" 





Fic. 1. Diagram of spectrometer focusing conditions. 


8 W. H. Zinn, Phys. Rev. 70, 102(A) (1946). 

®*W. T. Sturm and S. Turkel, Phys. Rev. 70, 103(A) 
1946). 
é 10 D B. Borst, A. J. Ulrich, C. L. Osborne, and B. 
Hasbrook, Phys. Rev. 70, 557 (1946). 

1.R,. B. Sawyer, E. O. Wollan, K. D. Peterson, S. 
Bernstein, Phys. Rev. 70, 791(A) (1946). 
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Fic. 2. (upper) Horizontal section of spectrometer. 


Fic. 3. (lower) Vertical section of spectrometer. 


Our first work was done with a large single 
crystal. The resolving power of the instrument 
and the obtainable neutron flux are very satis- 
factory when the measurements are made near 
thermal energy. If one desires to make measure- 
ments at neutron energies greater than 1 ev, the 
neutron intensity and the resolving power of the 
instrument decrease rapidly. Neutrons of 1-ev 
energy have a wave-length \=0.28A and for a 
crystal of rocksalt this corresponds to sin@é =0.05 
where @ is the Bragg angle for the (200) reflection. 

To obtain a higher intensity and a better 
resolving power at small angles we have built a 
transmission type bent crystal spectrometer. 
This type of spectrometer which was developed 
by Cauchois” for x-ray work is well adapted for 
work at small angles, the focusing properties 
becoming better as the angles become smaller. 


2. DESCRIPTION OF APPARATUS 


The principle upon which the spectrometer 
operates is illustrated in Fig. 1. A crystal C, 


#2 Arthur H. Compton and Samuel K. Allison, X-Rays in 
Theory and Experiment (D. Van Nostrand Company, New 


York, New York, 1935), p. 750 et seq. 
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having atomic planes normal to its surface, jg 
bent to a radius of curvature R. If a beam of 
convergent neutrons falls upon the convex side of 
this crystal, those neutrons which have the proper 
wave-length and glancing angle to satisfy the 
Bragg condition 


nx=2d sind, where \=h/mv, (1) 


will be reflected from the internal planes of the 
crystal and brought to an approximate focus on 
the circle OPF of radius R/2. In x-ray work this 
method has been used with photographic detec. 
tion, and the photographic film is made to lie 
along the circle OP F. The focus here is not quite 
perfect but becomes more perfect as one goes to 
small glancing angles. In the neutron spectrome- 
ter a proportional counter (filled with BF; 
enriched in the B® isotope) is used as a detector, 
It would be somewhat difficult mechanically to 
make the counter follow the circle of best focus, 
so we have mounted the bent crystal on the 
crystal table of an x-ray spectrometer with the 
counter arranged to rotate about the point 0 as 
center. The axis of the spectrometer passes 
through this point. At the small angles used in 
neutron spectrometer work the focusing achieved 
with this arrangement is exceedingly good. 

A top view of the apparatus is shown in Fig. 2 
and a side elevation in Fig. 3. The only neutrons 
useful in an arrangement of this sort are those 
which, before they passed through the crystal, 
were moving in directions which would bring 
them to a focus at the point F;, such that the 
distance CF; is equal to R. When the crystal is 
oriented so that the center of curvature coincides 
with F,, such neutrons will pass through the 
crystal parallel to the internal planes and there- 
fore will not be deviated. When the crystal is 
rotated through an angle @ to a position such as 
that shown in the figure, the neutrons of some 
particular energy satisfy the conditions for Bragg 
reflection and are deviated, coming to an approxi- 
mate focus at F, where CF= CF. At the point F 
is placed the entrance slit S; to the counter tube 
T. The jaws of this slit were made of }-inch thick 
sheets of a plastic impregnated with boron 
carbide. 

A sodium chloride crystal, obtained com- 
mercially, was used in the present work. It was 
about 2.5 cm X2.0 cm in area and about 0.3 cm 
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thick, with all surfaces being (200) cleavage 

Janes. It was bent while immersed in a saturated 
solution of NaCl and retained its shape well even 
after removal from the clamp in which it was 
bent. The radius of curvature was about 60 cm. 
The internal (200) planes were used to reflect the 
neutrons. 

In order to work at small angles without inter- 
ference from the direct neutron beam, a multiple 
slit system must be used with this type of bent 
crystal spectrometer. The nature of this slit 
system which was located inside of the 4” x4” 
channel in the pile shield can be seen from Fig. 2. 
It was constructed of 30 sheets of cadmium 100 
cm long, 3 inches wide, and 0.010 inch thick. 
The sheets were separated at the top and bottom 
by tapered steel strips 0.5 inches wide, 0.070 
inch thick at the one end, and 0.047 inch 
thick at the other end. This assembly was held 
together by heavy tapered steel plates with bolts 
through the top and bottom of the laminated 
assembly. The steel plates were split longitudi- 
nally and held in alignment by #-inch pins, and 
screws through the top half of the steel plate 
permitted the cadmium sheet to be stretched to 
form very flat laminations. Such a long slit 
system having closely spaced laminations must 
be maintained straight to about 0.001 inch in 
order not to reduce appreciably the transmitted 
intensity. This slit when located as in Fig. 2 gives 
a beam of convergent neutrons which come to a 
good focus at F;. All neutrons of a given energy 
whose angle of incidence on the crystal could not 
approximately satisfy the Bragg condition for a 
particular crystal setting are lost in the slit 
system by absorption or scattering by the 
cadmium sheets. Although one has a wide inci- 
dent beam falling on the crystal, the width of the 
beam at F; is very narrow and measurements can 
be made to very small angles. 

There are also other advantages to this arrange- 


TaBLe I. Maximum values of AE/E for NaCl crystals, 
assuming A@= 7.5’. 











Energy, ev 0 4E/E 
0.05 13° 07’ 0.019 
0.1 9° 14’ 0.027 
0.5 4° 07’ 0.061 
1.0 2° 55’ 0.081 
2.0 2° 03’ 0.122 
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Fic. 4. Rocking curve, bent rocksalt crystal. 


ment: (a) If measurements of absorption cross 
sections are to be made on rare materials, small 
samples can be used by placing the sample holder 
in front of the entrance slit to the counter, which 
in our work has usually been made 1 mm wide. 
(b) The resolving power of the instrument can be 
made independent of imperfections in the crystal 
and of the accuracy with which the crystal is bent 
to the proper radius of curvature. This is the case 
since the wave-length of the radiation entering 
the counter is determined by the angle between 
the incident beam and the position of slit So. 
With the multiple slit system used here the 
maximum horizontal angular divergence between 
two cadmium sheets is 9’ and the angle subtended 
at the crystal by a 1 mm counter slit is 6’. The 
sum of these two angles (15’) is approximately 
the maximum deviation in 2@ permitted by the 
system, and this should represent the minimum 
width of the rocking curve obtainable from a 
perfect crystal by rotating the crystal while the 
counter is held fixed. Imperfections in the crystal 
would add to the width of the rocking curve but 
would not decrease the resolving power of the 
instrument, which is limited only by the two 
angles already mentioned. Figure 4 shows a 
rocking curve obtained with a crystal of NaCl. 
From Eq. (1) it can be shown that 


AE/E=2 cot6dé. 


Table I gives the maximum values of AE/E to be 
expected with NaCl crystals, taking A@=7.5’. 
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Fic. 5. Cadmium cross section as a function of energy. 


With this instrument neutron beams of energies 
from about 0.005 ev to more than 2.0 ev have 
been used in absorption measurements. There is 
no reason why measurements cannot be made to 
considerably higher neutron energies with a 
corresponding loss in resolving power. The 
neutrons coming from the pile through a section 
of graphite moderator show an approximately 
Maxwellian distribution, and at the higher 
energies the intensity falls off rather rapidly; at 
1.5 ev, for example, the peak of the rocking curve 
is only about twice background, necessitating 
rather long counting times. At the low energy end 
of the spectrum the useful limit is set at present 
by the second and higher order reflections of 
higher energy neutrons which are superposed on 
the first order of lower energies. Tests with a 
Pyrex plate have shown that its absorption 
follows the 1/v law down to about 0.07 ev, 
indicating that higher orders begin to be notice- 
able at this energy. 


3. CROSS SECTION OF CADMIUM 


With the instrument here described, measure- 
ments of the total cross section of cadmium have 
been made. The samples used as absorbers were 
sheets of the metal rolled to appropriate thick- 
nesses. Various thicknesses were used at different 
energies, the thickness being chosen so as to give 
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Fic. 6. Curve of o1/E vs. E for cadmium. 


transmissions of between 30 percent and 7) 
percent. At many points several different ab- 
sorber thicknesses were used. 

The method of making the measurements was 
as follows: For any value @ of the glancing angle 
on the internal crystal planes, the counter was 
set at an angle 2@ to the incident beam. The 
counting rate was first measured with the ab- 
sorber in place. Then the crystal was rotated 
through 1° and the counting rate again measured 
to obtain the background of incoherent scattering 
which reached the counter through the absorber. 
The absorber was then removed, the crystal re- 
set to angle 0, and a counting rate measurement 
made. Finally the crystal was once more dis- 
placed through 1° and a background counting 
rate determined without the absorber. If we let J 
represent the value of counting rate less back- 
ground without the absorber and J represent the 
counting rate less background with the absorber, 


I,/I=exp(Nte), 


where N is the number of atoms of the absorber 
per cm, ¢ is the thickness of the absorber in cm, 
and @ is the cross section per atom in cm?. From 
this 


o=(1/Nt) In(Jo/J). (2) 
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The results for cadmium are shown in Figs. 5 
and 6. In Fig. 5 is plotted the cross section in 
barns (10-*4 cm*) as a function of the energy of 
the neutrons in electron volts. These results offer 
an experimental check of the Breit-Wigner one- 
level resonance formula. According to this theory 
the atomic absorption cross section should be 
given by the expression 


ook iT? 


eas ’ (3) 
E*{(E—Ep)?+39?] 





where o is the absorption cross section for 
neutrons of energy E, T is the total width of the 
resonance curve at half maximum height on the 
assumption that the neutron width is small com- 
pared to the radiation width of the level, and a» 
is the peak cross section which occurs at an 
energy Eo. If o\/E is plotted against EZ, a sym- 
metrical curve should be obtained. The present 
data have been plotted this way as the points in 
Fig. 6. Since the scattering cross section of 
cadmium is very small in comparison with the 
absorption cross section, we may take the meas- 
ured total cross section as being equal to the 
absorption cross section, and the values should 
be consistent with Eq. (3). The solid line in 
Fig. 6 is the Breit-Wigner curve obtained by 
setting oo=7250 barns, Eo=0.178 ev, and 
T=0.110 ev. It is seen that the agreement is 
excellent except at energies below 0.05 ev where 
the effect of higher orders becomes noticeable. 
The measurements in the vicinity of the reso- 
nance peak are not subject to any appreciable 
errors due to the presence of higher orders. This 
was verified by running an absorption curve with 
various thicknesses of cadmium at the Bragg 
angle corresponding to the resonance energy. 
This gave a straight line when plotted on semi-log 
paper, as shown in Fig. 7. 

Errors in angle settings, in measurement of 
absorber thicknesses, and those caused by fluctu- 
ations in the neutron flux during the measure- 
ments should not cause an error of more than 3 
percent in the calculated values of o in the energy 
range between 0.05 ev and 0.2 ev but may reach 
6 percent above the latter energy. With a value of 
4@=7.5’, the corresponding value of AE is about 
0.008 ev at the peak of the resonance curve. This 
resolving power is indicated by the triangle 
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Fic. 7. Neutron absorption curve in Cd at the position of 
the resonance peak. 


drawn on the energy axis and should be sufficient 
to determine oo with good accuracy. 

The Breit-Wigner formula can also be written 
as a function of both the radiation width T and 
the neutron width [, from which it is then 
possible to calculate the neutron width. In this 
form 





h? ey 1 
c= (14 ) 
16M(EE,)! (E—E,)?+3T? 2i+1 


where the + sign is taken according to whether 
the angular momentum of the resonance level is 
i+} or i—}; for i=0 only the + sign is possible. 
Setting E= Ep» and «=a, we obtain on substitu- 
tion of the known constants 





1 Il, 
riko (14 )i.sx10-* 


2i1+1 


where oo is in barns and Ep is in ev. 

From the above experimental values of oo, Eo 
and [ for cadmium and taking i=4 with the 
+ sign, we obtain for the neutron width at the 
resonance energy I,=0.74X10- ev. Since 
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Fic. 8. Total cross section of 


iridium. 
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Fic. 9. Curve of o4/Evs.E 
for iridium. 








T’,, =a(E)}, we find 


a =[0.74/(0.18)#]x 10 = 1.7 10-. 
4. CROSS SECTION OF IRIDIUM 


The iridium was in the form of a solution of to hydrogen, chlorine, and oxygen were com- 
iridium chloride in D,O contained in a quartz pensated for by comparison with a dummy 
cell. In all, three solutions of different concen- quartz cell containing D,O, H.O, and HCI in the 
trations were used, the lowest concentration proper amounts. In this case, counting rates were 
being best at the resonance peaks and the more taken first with the iridium solution and then ’ 


LK | ] | 
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concentrated ones best at energies where o was 
small. 

The solutions were analyzed for iridium and 
hydrogen, and the absorption and scattering due 
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with the dummy cell in the beam, each being 
accompanied by background readings. 

Curves showing the results obtained with 
iridium are given in Figs. 8 and 9. The resonance 
levels exist in the region investigated, and they 
are far enough apart to be quite well represented 
by the Breit-Wigner equation. Table II shows the 
values of the constants which give the best fit in 
each case. 


These values of o) and I’ are undoubtedly 


affected by the resolving power of the instru- 
ment, especially at the higher energy peak. The 
values given for ¢» must be considered simply as 
lower limits and those for T as upper limits. 
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TaBLe II. Breit-Wigner constants for iridium resonances. 

















Eo (ev) oo (barns) r (ev) 
0.620 2930 0.08 
1.29 1880 0.14 
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Quenching and Depolarization of Mercury Resonance Radiation 
by Nitrogen and Oxygen 
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The quenching and depolarization of mercury resonance radiation by nitrogen and oxygen 
in the presence of a weak magnetic field are studied. These effects are proportional to gas 
pressure. The proportionality constants for each gas are determined. Results of tests on two 
samples of each gas are given, with generally good agreement between separate tests. Quenching 
and depolarizing cross sections are computed from the finally selected constants. 

The measurements here considered indicate that adiabatic depolarization, a phenomenon 
tentatively postulated in the theory, is not present in the case of nitrogen and oxygen. 


1. INTRODUCTION 


SEMI-CLASSICAL treatment of the theory 
involved in quenching and depolarization of 
mercury resonance radiation, and data for a 
number of common gases were presented in a 
previous paper.' In a subsequent paper by one 
of the present authors,? results for the rare gases 
were published. 
Since the previous study of oxygen was not 
completed, and the existence of adiabatic depolar- 


* The experimental work on the subject presented in this 
per was conducted at Case School of Applied Science in 
partial fulfillment of the requirements for the degree of 
of Science in Physics. 
1A, Ellett, L. O. Olsen, and R. Petersen, Phys. Rev. 60, 
107 (1941). 
*L. O. Olsen, Phys. Rev. 60, 739 (1941). 


ization by nitrogen was in some question, these 
two gases were selected for further investigations. 
The fact that oxygen very effectively quenches 
resonance radiation, and nitrogen does not, also 
makes these two gases a good pair for study. 
Much of the same experimental equipment and 
technique employed in the previous work were 
again utilized. It was necessary to flame the 
system before cold traps were installed at the 
start of each run. This reduced the amount of 
water vapor released by the walls of the system 
to a minimum and drove the mercury vapor 
which had migrated to untrapped portions of the 
system back into the trapped areas. Agreement 
with H. F. Olson’s* data for polarization vs. 


3H. F. Olson, Phys. Rev. 32, 443 (1928). 
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Fic. 1. Polarization in nitrogen—sample 1. 
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Fic. 2. Polarization in nitrogen—sample 2. 
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Fic. 3. Polarization in oxygen—sample 1. 


magnetic field with no foreign gas present was 
always secured before any other measurements 
were made. 


2. RESULTS OBTAINED WITH NITROGEN 
AND OXYGEN 


Two samples each of nitrogen and oxygen were 
used for the experiments. Results for each sample 
are reported separately with the exception of 
cross section computations, as changes in tech- 
nique and operating conditions were made at 
intervals. The samples will hereafter be referred 
to as No# 1, Ne# 2, Oo# 1, and Oo# 2. 


2 N:#1 was obtained by exploding a limited 
quantity of sodium azide in a vacuum. N2# 2 was 
commercially obtained but better than 99.5 
percent pure. O2#1 and O2#2 were both from qa 
commercial source, but also of high purity. The 
determinations of the quenching and depolariza. 
tion collision probabilities for each gas sample are 
shown in Table I. The quantities determined by 
field-free measurements are omitted for O2# 1, as 
a source of error existed during some of these 
measurements which was later removed. How. 
ever, the final results show that the constants 
selected apply quite well to the field-free polariza- 
tions for O.# 1. The cross sections for each type of 
collision are given in Table II. By way of review, 
the constants involved are identified, as follows: 
a, probability of a quenching collision per mm 
gas pressure; a’, probability of a non-adiabatic 
depolarizing collision per mm; a”, probability of 
an adiabatic depolarization collision ; 047, ¢a'*, ¢¢"", 
the corresponding cross sections for quenching 
and depolarization. 

By using the average values for a and a’ shown 
in Table I, polarization values were calculated 
for all the conditions of gas pressure and mag- 
netic field at which measurements were made. 


Figures 1—4 illustrate the comparison of computed 
and observed data for the four gas samples used. 
The smooth curve in each figure results from 
computed polarizations, while the observed 
polarizations are shown by individual points. 
During much of the work the mercury arc 
current was lower than that previously used,'? 


TABLE I. Quantities determined by polarization meas- 
urements involving the collision probabilities (x10 
sec.~! mm), 








Gas 


No#1 
No#2 
Average 


On# 1 
O.# 2 
Average 











TABLE II. Cross sections for quenching and depolarization 
(X 10"* cm*). 
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where a “broad line” exciting source was as- 
sumed. For this reason the calculations were also 
made on the basis of a “narrow line’’ source 
according to methods described by Larrick and 
Heydenburg.* However, only insignificant differ- 
ences in computed values of a+a’ resulted on 
this basis when applied to the data for nitrogen 
and oxygen. 

The effect of increasing magnetic-field strength 
on polarization can be visualized more clearly by 
curves showing this variation for constant pres- 
sure conditions. Figure 5 shows a family of such 
curves and the corresponding observed values for 
0; at two widely separated pressures. The effect 
of magnetic field alone on polarization is also 
shown for comparison. 


CONCLUSIONS 


The results here presented on two samples each 
of nitrogen and oxygen are determined from a 
large number of individual polarization measure- 
ments. The probability coefficients determined 
for oxygen are greater than those applied previ- 
ously, but this is not surprising. The earlier values 
were necessarily based almost entirely on field- 
free data, which gives merely the linear relations 
of the coefficients. A considerable amount of 


POLARIZATION IN PERCENT 





PRESSURE IN MM. Mg 


Fic. 4. Polarization in oxygen—sample 2. 


932) Larrick, and N. P. Heydenburg, Phys. Rev. 39, 289 
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(Gauss) 


Fic. 5. Effect of magnetic field on polarization in oxygen. 


magnetic-field data is necessary to obtain accu- 
rate absolute values. 

Experimental results obtained with both gases 
indicated that an assumption of the existence of 
adiabatic depolarization is unnecessary. As dis- 
cussed in the preceding paper,’ the introduction 
of a’ was found of advantaye only in regard to 
the rotation of the plane of polarization vs. 
magnetic-field data, for both nitrogen and the 
rare gases. a’’ could readily be zero for the rare 
gases without appreciable effect on the agreement 
between calculated and observed results. In the 
experimental work described in this paper, results 
obtained on rotation of the plane of polarization 
were the least dependable. A thorough examina- 
tion of the first partial derivatives of the proba- 
bility coefficients with respect to each measured 
parameter showed this method of determining 
a+a’ to be less accurate and its useful range 
smaller than is the case with determinations 
based on actual polarization values. Further 
work will be done on other gases, with careful 
consideration given to these factors. 

This opportunity is taken to express apprecia- 
tion for the cooperation of others. The authors 
wish to thank the State University of lowa 
Department of Physics for a loan of the necessary 
optical equipment. Thanks are also due Dr. Karl 
Kenty of the General Electric Company for 
supplying pure samples of some of the gases 
studied. 
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Long Range Tensor Forces and the Magnetic Moment of the Deuteron 
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H. PRIMAKOFF 
Washington University, St. Louis, Missouri 


(Received April 7, 1947) 


A theoretical study has been made of relativistic effects in the magnetic moment of the 
deuteron. It is concluded that the present unsatisfactory state of the theory of nuclear forces 
makes it impracticable to deduce the amount of D state admixture in the wave function of 
the deuteron ground state from the experimental value of us—(up+un). The possibility that 
nuclear tensor forces have ranges considerably longer (and magnitudes considerably smaller) 


than the central forces is also discussed. 





HE recent precise measurements of the mag- 
netic moments of the (free) neutron, deu- 
teron, and proton pn, wa, up give! (in nuclear mag- 
netons) pa— (upt+un) = 0.8565 — (2.7896 — 1.9103) 
=-—0.0228. This result receives an exact 
quantitative explanation if it is assumed that : 
I. The proton and neutron retain, when com- 
bined in the deuteron, the magnetic moments 
they possess when free and moving slowly. 

II. The central and tensor forces operative in 
the deuteron between the proton and neutron 
have the same range* and magnitudes (square- 
well depths) appropriate to the deuteron’s bind- 
ing energy and quadrupole moment. As a result, 
the ground state of the deuteron has a 3.9 percent 
3D, admixture with a (proton orbital) magnetic 
moment of —#3(up+un—4F) (0.039) = —0.0222, a 
value differing by only 0.0006 from the experi- 
mentally observed pa— (up+un)- 

Nowassumption I issubject to failure because of : 

(A) a field-theoretic non-additivity of the mag- 
netic moments of the proton and neutron in the 
deuteron; this effect may exist but cannot be 
quantitatively estimated at present. 

(B) a relativistic variation of the magnetic 
moments of the proton and neutron due to their 
comparatively large velocities in the deuteron. 

Further, assumption II suffers from the rather 
arbitrary choice of equal ranges for the central 
and tensor forces; this choice leads to particular 
difficulties with the binding energies of H* and 
He‘,‘ since a common range for the central and 

1W. R. Arnold and A. Roberts, Phys. Rev. 70, 766 


(1946) ; S. Millman and P. Kusch, ibid. 60, 91 (1941); J. M. 
B. Kellogg, I. I. Rabi, N. F. Ramsey, and J. R. Zacharias, 


ibid. 56, 728 (1939). 

* W. Rarita and J. Schwinger, Phys. Rev. 59, 436 (1941). 

3 This range is taken in reference 2, in accordance with 
the postulate of the charge independence of nuclear forces, 
as 2.8X 10-" cm, the value giving the best square-well fit to 
the proton-proton scattering. - 

‘ E. Gerjuoy and J. Schwinger, Phys. Rev. 61, 138 (1942). 
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tensor forces implies a tensor force not much 
smaller than the central force. This latter force is 
then considerably smaller than the central force 
required to bind the deuteron in the absence of 
the tensor force. Now, because of its spin de 
pendence, the tensor force is most effective in the 
triplet ground state of the deuteron; in the H? 
and He‘ nuclei, however, the spins of the nucleons 
are either partly or wholly paired up so that the 
tensor force is relatively ineffective, and the 
corresponding comparatively small central force 
is insufficient to give the observed binding. 

In view of these difficulties and of the fact that 
the relativistic variation of the proton and 
neutron magnetic moments within the deuteron 
is certainly present and is even of the right order 
of magnitude’ to account for the whole experi- 
mental value of wa—(upt+un), a calculation has 
been made to estimate the relativistic effect. In 
this calculation, the motion of the proton and 
neutron in the deuteron is treated as a relativistic 
two-body problem by approximate methods in- 
volving elimination of the small components of 
the 16 component Dirac wave function of the 
two nucleons,® these nucleons being supposed to 
satisfy a Dirac type wave-equation with addi- 
tional terms of the Pauli type to describe their 
anomalous magnetic moments.’ In addition, the 


5H. Margenau, Phys. Rev. 57, 83 (1940); and P. 
Caldirola, ibid. 69, 608 (1946), estimate the order of 
magnitude of the relativistic variation of the magnetic 
moment of a nucleon (proton or neutron) in the deuteron 
by supposing it to move in a static force field (e.g., a short 
range square-well) arising from the other nucleon. 

*G. Breit, Phys. Rev. 51, 248 (1937); S. Share and G. 
Breit, ibid. 52, 546 (1937). 

7 Similar calculations with generally similar results have 
been made by R. G. Sachs. I wish to express my thanks to 
Dr. Sachs for the opportunity of seeing the manuscript of 
his paper, “On the Magnetic Moment of the Deuteron,” 
prior to its publication. Note Added in Proof: A model in 
which the proton and neutron move in the same (properly 
adjusted) central force field but do not interact with each 
other has just been used by G. Breit (Phys. Rev. 71, 400, 
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tensor force between the nucleons, which is re- 
quired to explain the quadrupole moment of the 
deuteron, is assumed (in accordance with a sug- 
gestion by E. Feenberg) to have a much longer 
range and (hence) smaller magnitude than the 
central force ; this assumption removes the major 
portion of the above mentioned difficulty with 
the binding energies of H* and Het‘, is in agree- 
ment with the fact that the deuteron quadrupole 
moment is much smaller than the square of is 
effective radius, and is even not inconsistent 
with a possible field theoretic formulation.*® 

With regard to the results of this calculation, 
it is found that the magnitude of the relativistic 
variation of the proton and neutron magnetic 
moments, as determined by the calculated value 
of wa—(up tun), (neglecting the effect of tensor 
force), is of the form 

average kinetic energy of the 
| nucleons in the deuteron | 


rest energy of the nucleons 





(1) 


where a is a numerical constant of the order of 
unity. The exact value of a and even its sign are, 
however, strongly dependent upon the covariance 
properties of the nuclear force fields (e.g., scalar 
or vector or linear combination of the two). 
Thus, with a central force between the nucleons, 
arising from a not unreasonable combination of 
scalar and vector fields and of range ~1.010-" 
cm, one can account for the whole experimental 
value of ua—(up+un) on the basis of the rela- 
tivistic correction to the deuteron magnetic 
moment given in Eq. (1); on the other hand, if 
the central force has a range of 2.8 10-" cm, as 
in reference 3, the kinetic energy factor in 
Eq. (1) is so small that (unless a rather im- 
probable combination of scalar and vector fields 
is chosen) the relativistic correction is com- 
paratively unimportant—perhaps 10 to 20 per- 
cent of the experimental value of pa—(up+un). 
Again, neglecting the relativistic effects and 
solving, by a crude variational method, the 


. Schrédinger equation (with the strong short 


range central force and the weak long range 
tensor force) for the *S,; and *D, wave-functions, 


(1947)) to estimate relativistic corrections to the deuteron’s 
magnetic moment. Breit finds that the correction is quite 
small when the range of the force field is taken as 2.8X 10-" 
cm, and is, in general, quite sensitive to the detailed 
assumptions regarding the nuclear force fields. Similar con- 
clusions are obtained below. 

*L. Hulthen, Rev. Mod. Phys. 17, 263 (1945). 
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one finds (consistent with the observed quadru- 
pole moment and more or less independently of 
the exact value of the ranges) a 1 percent *D, 
admixture and a proton orbital moment of only 
—0.006; thus if the proton-neutron tensor force 
is actually weak and long range (as is perhaps 
indicated by the binding energies of H* and He‘ 
—see above), the relativistic effect of Eq. (1) 
must account for the major portion of the experi- 
mental value of ua—(up+un), So that the central 
force must have a rather short range. 

The preceding discussion makes it clear that 
the absence of any satisfactory field theory of 
nuclear forces, with the resultant uncertainty 
regarding the field-covariance properties, ranges, 
and magnitudes of both the central and tensor 
forces, renders impossible an exact quantitative 
estimate regarding the magnitude of the rela- 
tivistic variation of the magnetic moments. It is 
therefore not feasible to deduce unequivocally 
from the experimental value of ua—(up+un) the 
magnitude of the deuteron ground state *D, 
admixture; in particular the 3.9 percent ad- 
mixture of reference 2 must be accepted with 
reserve in spite of the agreement with the experi- 
mental wa—(up+un), since it involves the ad- 
ditional assumptions of a very small rela- 
tivistic magnetic moment correction (presumably 
achieved by the relatively long range of the 
forces) and of a comparatively large tensor force 
of range equal to the central force (which leads to 
the above mentioned H?, He‘ difficulties). 

In conclusion it might be added that the just 
published experimental value of the magnetic 
moment of the H® nucleus® does not agree with 
theoretical predictions made on the basis of 
assumptions analogous to I and II above, coupled 
with the additional assumption that the *S, 
ground state of H* has only a ‘D, admixture.’® 
The discrepancy may arise, at least in part, from 
an appreciable relativistic variation of the mag- 
netic moments of the nucleons within the H?’. 
However, Sachs has shown" that the experi- 
mental result may be accounted for by supposing 
that the ground state of H* has an appreciable 
2P, and *P,; admixture. 

*H. L. Anderson and A. Novick, Phys. Rev. 71, 372 
(1947). F. Bloch, A. C. Graves, M. Packard and R. W. 
Spence, Phys. Rev. 71, 373 (1947); 71, 551 (1947). 

”R. G. Sachs and J. Schwinger, Phys. Rev. 70, 41 


(1946). 
" R. G. Sachs, Phys. Rev. 71, 457 (1947). 
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Measurement of the Slow Meson Intensity at Several Altitudes 
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Laboratory for Nuclear Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 


(Received April 3, 1947) 


The number of mesons stopped by a horizontal aluminum plate 2 inches thick was measured 
at several altitudes between sea level and 35,000 feet. The mesons were detected by recording 
the delayed emission from the absorber of the electrons produced by the decay of the absorbed 
mesons. An increase by a factor of about 37 between sea level and 35,000 feet was observed. 





I. INTRODUCTION 


ERY little information has been available 

on the number of low energy mesons in the 
atmosphere, because these particles are difficult 
to distinguish from other more abundant compo- 
nents of the cosmic radiation. Filtration through 
lead, as a method for separating mesons from 
electrons, obviously fails as soon as the range of 
the mesons becomes of the same order of magni- 
tude as the range of the electrons (i.e., several 
radiation lengths). In principle one can still 
distinguish mesons from electrons by making use 
of the fact that the relative stopping power of 
substances of different atomic number is different 
for the two types of particles. Also, mesons can 
be recognized by their inability to produce 
showers. Both of these methods have been used,! 
but the interpretation of the results is always 
difficult, especially in the energy interval below 
100 Mev. These methods, moreover, do not 
distinguish between low energy mesons and 
protons, which seem to be present in consider- 
' able number at high altitude. Low energy mesons 
can be distinguished from protons as well as 
from electrons by cloud chamber observations 
in a magnetic field. It is very difficult, however, 
to achieve by this method a sufficient statistical 
accuracy, especially since not all of the tracks 
obtained can be identified. 

The methods for the detection of slow mesons 
mentioned above are based upon properties of 
mesons which depend on their mass. A much 
more selective criterion for the separation of slow 
mesons from other particles is provided by the 


* Now at Washington University St. Louis, Missouri. 
1G. Bernardini and B. N. Cacciapuoti, Ric. Scient. 12, 


981, (1941); K. I. Greisen, Phys. Rev. 63, 323 (1943); D.: 
B. Hall, ibid. 66, 321 (1944); H. J. Bhabha, S. V. Chan- 
drashekhar Aiya, H. E. Hoteko, and R. C. Saxena, ibid. 68, 
147 (1945). 
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instability of mesons; i.e., by the fact that 
mesons, when brought to rest, disintegrate with 
the emission of electrons and with a charac- 
teristic mean life of approximately 2 micro- 
seconds. 

The present paper describes the results of 
some measurements on the slow meson intensity 
at several heights, which were carried out with 
a slow meson detector based upon the above 
criterion, i.e., with an instrument designed to 
detect the disintegration electrons arising from 
the decay of the mesons stopped in a compara- 
tively thin absorber. It may be pointed out from 
the beginning that the method is better suited 
for measurements of relative intensities at two 
different heights than for the determination of 
the absolute intensity at any one height, because 
the detection probability of the decay electrons 
cannot be computed with great accuracy. 


II. EXPERIMENTAL METHOD 


The experimental arrangement is represented 
schematically in Fig. 1. A, B, C, and D are trays 
of four Geiger-Mueller tubes each. The tubes 
have an outside diameter of 1 inch, an effective 
length of 10 inches, and 0.04-inch brass walls. 
The four tubes of each tray are connected in 
parallel. The absorber S is an aluminum plate 
2; inches thick. Consider a meson which trav- 


— erses A and B, is stopped in S, and subsequently 


decays, giving rise to an electron which dis- 
charges C and D. Such an event is characterized 
by a coincidence (A, B) followed after a short 
time by a coincidence (C, D). These ‘‘delayed 
coincidences” are selected by the electronic 
circuit and analyzed into four groups correspond- 
ing to delays within four consecutive time in- 
tervals or ‘‘channels,”’ each of 1.8-microsecond 
duration. The beginning of the first channel is 
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chosen to be 0.9 microsecond because of the 
ntaneous time lags of Geiger-Mueller tubes 
(see below). By counting delayed coincidences in 
four different channels it is possible to check, 
at least approximately, the exponential decay of 
mesons and the value of their characteristic life- 
time, a test which enhances the confidence in the 
interpretation of the experimental results. 

In addition to the delayed coincidences pro- 
duced by the decay of mesons, delayed coin- 
cidences can also be produced (a) by spontaneous 
time lags in the Geiger-Mueller tubes, (b) by 
random events. 

(a) The spontaneous delays of Geiger-Mueller 
tubes of the argon-alcohol type used in the 
present experiment, are known to be usually of 
the order of a few tenths of a microsecdnd.* 
However, it is ‘possible that occasionally delays 
longer than 0.9 microsecond occur. Direct experi- 
ments were carried out to investigate this point 
and gave an upper limit of 1 in 5000 for the 
probability of time lags longer than 0.9 micro- 
second. Now, the number of “prompt coinci- 
dences,”’ caused by cosmic-ray particles which 
traverse the absorber and the four trays of 
counters, is between 2500 and 3000 times the 
number of ‘‘delayed coincidences’ caused by 
disintegration electrons from absorbed mesons. 
The possibility, therefore, that one in 5000 of 
the prompt coincidences is recorded as a delayed 
coincidence because of time lags in the counters 
represents a serious source of error. This source 
of error was eliminated by requiring that both 
the incoming meson and the decay electron dis- 
charge two counters and by using as timing signal 
the pulse of the counter which is discharged 
first. More specifically, the equipment operates 
as follows. The counter trays A, B, which detect 
the incoming mesons, are connected to a coinci- 
dence circuit C;. When both A and B are dis- 
charged within 1 microsecond, this circuit gives 
a pulse delayed by 1 microsecond with respect 
to the discharge of A or B, whichever occurs first. 
The counter trays C, D, which detect the decay 
electrons, are connected to an identical coinci- 
dence circuit C,. The output pulses of C,; and C; 
are then fed into a four channel “delay dis- 
criminator,”’ which records an event whenever a 


ase Bruno Rossi and Norris Nereson, Phys. Rev. 62, 417 
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pulse from C; is followed by a pulse from C; 
after 0.9 but before 8.1 microseconds. Thus a 
spurious delay is recorded in place of a prompt 
coincidence only if both C and D give pulses with 
a time lag longer than 0.9 (and shorter than 8.1) 
microseconds. The probability for this event is 
less than 1 in (5000)? and is therefore completely 
negligible.* 

(b) In order to compute the spurious delays 
caused by random events one has to consider 
that the circuits are so constructed that when a 
Geiger-Mueller tube is discharged, the whole 
tray to which the tube belongs remains insensi- 
tive for a period of about 20 microseconds. 
Therefore, the only type of random events which 
can give rise to spurious delays is a cosmic-ray 
particle traversing trays A, B but failing to 
traverse either C or D, followed after a short time 
by a particle which traverses C, D. (If the 
particle which has traversed A, B also discharges 
one or both of the trays C, D, the circuit C; is 
made insensitive for 20 microseconds, and cannot 
record a pulse within the time interval covered 
by the ‘delay discriminator.”’) The spurious 
counting rate in each channel of the delay dis- 
criminator is therefore given by 


[(A, B)—(A, B, C+D) \(C, D)r, 


where r is the width of the channel (r = 1.8 ysec.), 
(A, B), (C, D) are the counting rates for twofold 
coincidences between A and B and between C 
and D respectively, and (A, B,C+D) is the 
counting rate for threefold coincidences between 
A, B and C or D. The twofold coincidence rate 
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Fic. 1. Experimental arrangement. 


3A detailed description of the electronic circuit will be 
published elsewhere by one of us (M.S.). 
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(A,B) minus the threefold coincidence rate, 
(A, B,C+D), gives the number of particles 
which traverse A, B but traverse neither C 
nor D. At sea level, spurious delays from random 
events are a small fraction of the true delays 
and can be corrected for accurately. The coinci- 
dence rate between counter trays, however, 
increases very rapidly with altitude, while the 
number of slow mesons turned out to increase 
with altitude somewhat more slowly than one 
might have expected. As a consequence the 
relative value of the correction for random 
events becomes very large at the highest altitude 
reached during the present set of experiments. 


Ill. EXPERIMENTAL RESULTS 

Measurements were taken at the following 
elevations above sea level: 0, 14,000, 25,000, 
35,000 feet. The measurements at sea level were 
carried out at Cambridge in a wooden building, 
under a thin roof consisting of ?-inch planking 
covered with tar paper. For the measurements at 
high altitude the equipment was installed in the 
rear cabin of a B-29 aircraft. The cabin was 
pressurized. Its walls were made of thin alumi- 
num sheet. The flights took place at constant 
magnetic latitude of about 53°N. Three flights 
were made at 14,000 feet, two at 25,000 feet, 
one at 35,000 feet above sea level. The internal 
consistency of the data obtained in different 
flights at the same altitude was quite satisfactory. 
A summary of the experimental results is pre- 


TaBe I. Experimental results. 








Altitude, feet 0 14,000 25,000 35,000 
Pressure, g/cm?* 1030 610 390 250 
Twofold coincidences 
(A, B), per min. 214 884 3220 7057 
Twofold coincidences 
(C, D), per min. 197 756 2770 5865 
Threefold coincidences 
(A, B, C+D), per min. 92.3 319 971 
Fourfold coincidences 
(A, B, C, D) per min. 67.7 222 664 1282 
Delayed coincidences 
per hour 
0.9-2.7 psec. 0.85 5.61 24.0 72.5 
2.7-4.5 psec. 0.38 2.05 18.6 64.0 
4.5-6.3 psec. 0.20 1.51 13.2 55.5 
6.3-8.1 psec. 0.13 1.10 12.8 50.0 
Spurious delays in each 
channel per hour 0.038 0.79 11.5 47.5 


True delays per hour, 
0.9-8.1 pwsec. 1.42+0.06 7.1540.84 22.842.6 52+17 


Duration of observation 
(hours) 369 14.6 15.4 3.66 
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sented in Table 1. At 0, 14,000 and 25,000 feet, 
the rate of spurious delays due to random events 
was computed as indicated in the preceding 
section from the threefold coincidence rate 
(A, B, C+D) and the twofold coincidence rates 
(A, B) and (C,D). Because of the very large 
number of coincidence counts recorded, the 
statistical error of the correction is negligible, 
At 35,000 feet, unfortunately, the counting rate 
for the threefold coincidences (A, B, C+D) was 
not recorded. Thus the number of spurious delays 


could not be computed directly, but was ob- — 


tained by the following method of successive 
approximations. It was assumed first that the 
delays recorded in the last channel (6.3 to 8.1 
microseconds) were all spurious and the total 
number of true delays in the other three channels 
(0.9 to 6.3 microseconds) was computed accord- 
ingly. From this number and under the assump- 
tion of a mean-life time of 2.15 microseconds for 
the mesons, the number of true delays in the 
last channel was computed and subtracted from 
the number observed to obtain the number of 
spurious delays in a second approximation. The 
process was repeated, and thus a rapidly con- 
verging set of values for the number of spurious 
delays was obtained. Of course, the statistical 
error in the evaluation of the correction is large 
because of the small number of counts in the 
last channel. For this reason, and because only 
data from one flight are available at 35,000 feet, 
the results at this altitude are considerably less 
certain than those at the lower levels. 


IV. DISCUSSION OF THE EXPERIMENTAL DATA 


Figure 2 shows a semi-logarithmic plot for 
each altitude of the corrected counting rates 
in the four channels against the delay of the 
channel. The statistical errors are unfortunately 
too large for an accurate determination of the 
lifetime at the four elevations. One can state, 
however, that there is no indication for a varia- 
tion of the average lifetime of mesons with 
height, i.e., that there is no indication for the 
existence of more than one kind of mesons with 
comparable lifetime. Our data are consistent 
with a value of the meson lifetime in the neigh- 
borhood of 2.15 usec, as measured by Nereson 
and Rossi.‘ 

4 N. Nereson and B. Rossi, Phys. Rev. 64, 199 (1943). 
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If the shape of the meson decay curve does 
not change with height, the sum of the corrected 
counting rates in the four delayed channels as 
given in the last line of Table I may be taken as 
a relative measure for the number of slow mesons 
present at the different heights. By “slow 
mesons’’ we understand here those mesons which 
are stopped by the aluminum absorber. The 
mass of the material in the vertical direction 
above the absorber is 2.2 gm/cm? so that only 
mesons with momenta between 0.6X10* ev/c 
and 1.2 10° ev/c are detected. The correspond- 
ing limits to the energy are 17X10° ev and 
56 10° ev. 

It is not easy to deduce from the experimental 
data an absolute value for the number of slow 
mesons because of the uncertainty in the detec- 
tion probability of the decay electrons. An 
approximate computation can be carried out 
under the following simplifying assumptions: 
(a) the thickness of the absorber is very small 
compared with the effective lateral dimensions of 
the absorber, i.e., of the area covered by the 
Geiger-Mueller tubes; (b) the decay electrons 
have a definite range; (c) the mesons are uni- 
formly distributed in range; (d) all decay elec- 
trons coming out from underneath the effective 
area of the absorber are detected. 

Let N(@) represent the directional intensity per 
unit range interval of mesons at the zenith 
angle @ (i.e., their number per cm? per second 
and unit solid angle). Let S be the effective area 
of the absorber, z its thickness, V = Sz its effective 
volume, and p the density of the absorber ma- 
terial. Mesons arriving at an angle @ are stopped 
in the absorber, if they have a range less than 
pz/cos@ g/cm?. The number of such mesons 
striking the absorber per unit time within the 
solid angle dw is 


pz 
[~ (des cosé = pzSN(0)dw. 
cosé 


Hence the total number of mesons stopped in 
the absorber per unit time is given by 


pV [ N(de, 


where the integration is extended over the whole 
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Fic. 2. Differential decay curves of mesons at different 
heights. The abscissae represent the midpoints of the 
channels. The ordinates represent, on a logarithmic scale, 
the corrected counting rates in each channel. The vertical 
lines indicate the standard statistical deviations. The 
broken lines represent exponential decay curves corre- 
sponding to a lifetime of 2.15 microseconds. 


upper hemisphere. Of the mesons which are 
absorbed in aluminum, presumably only the 
positive ones, or approximately half of the total, 
decay. The probability for a decay electron 
produced at a distance x from the lower face of 
the absorber to come out through this face and 
be detected by the counters underneath is given 
by 4(1—px/R.), where R, is the range of the 
electron in g/cm?. The probability for detecting 
the decay electron is the average value of this 
expression or, if the mesons which decay are 
distributed uniformly jn range and if pz<R,, 
3(1—pz/2R.). The decay electrons are supposed 
to have an energy of about 50 Mev; the corre- 
sponding average range in aluminum, calculated 
by neglecting fluctuations in the radiation losses, 
is 19 g/cm?*. Since the thickness pz of the absorber 
and the walls of the adjacent Geiger-Mueller 
tubes is 14.9 g/cm?, the detection probability 
is 0.3. Of the decay electrons striking the 


















counters, only a fraction are counted, namely, 
those emitted between 0.9 and 8.1 microseconds 
from the time of arrival of the mesons. Under 
the assumption of a mean lifetime equal to 2.15 
microseconds, this fraction is 0.63. Therefore the 
sum of the counting rates in the four delayed 
channels is related to the integrated intensity 
JS N(@)dw of mesons per g/cm? range by the 
equation : 










































Counting rate ri pV f N(0)dw 
=0.5 X0.3 X0.63 =0.1. 


By introducing the counting rates as given in 
Table I and by substituting for p and V the 
density 2.7 g/cm* and the effective volume (1520 
cm?) of the aluminum absorber, one obtains the 
integrated intensities listed in the second line 
of Table II. Line 3 in Table II gives, for the 
purpose of comparison, the integrated intensities 
of “‘fast’’ mesons, i.e., of mesons with range 
larger than 167 g/cm? of lead measured by 
Greisen near sea level (Ithaca, New York) and 
at 14,300 feet (Mt. Evans, Colorado).° Line 4 
gives the ionization produced by the electrons 
arising from the decay of mesons which are 
stopped in air, computed under the assumption 
that in air both positive and negative mesons 
disintegrate. Line 5 gives the total ionization 


TABLE II. Summary of cosmic ray effects at 
various altitudes. 








Depth below the top 
of the atmosphere 
(g/cm?) 1030 610 390 250 


Integrated intensity of 

slow mesons in each 

/cm? range interval 
per cm? per sec.) 0.94 X10-§ 4.8X10-* 15.4X10-* 35X10" 


Integrated intensity of 
mesons with range 
above 167 g/cm? of 
lead (percm? persec.) 1.51072 3.61072 _ -- 


Ionization produced by 
the decay electrons 
from mesons sto; 
in air (ion pairs per 
cm!® per sec.) 1.710% 8.610"? 28X10 63 X10- 


. 


Total cosmic ray ion- 
ization (ion pairs per 
cm? sec.) 1.75 15 54 120 








5K. I. Greisen, Phys. Rev. 61, 212 (1942). 
* This ey is calculated in the following way. The 
number of mesons per unit time which stop in 1 g/cm? of air 
is { N(0)dw. By the disintegration of each meson of mass m 
an electron of energy mc?/2=50 Mev is produced. This 
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of cosmic rays as measured by Millikan and his 
collaborators.’ 

From an examination of Table II, one recog. 
nizes that even though slow mesons increase with 
height more rapidly than fast mesons, at no 
altitude do electrons arising from the decay of 
mesons at rest contribute appreciably to the total 
intensity of the cosmic radiation. This is true 
even if the absolute intensities of slow mesons are 
underestimated by as much as a factor of 10, 

From lines 2 and 3 of Table II one obtains a 
value of 0.6 10~ for the ratio at sea level of the 
number of “‘slow’’ mesons which stop in 1 g/cm? 
to the number of mesons with ranges greater 
than 167 g/cm? of lead. Absorption measure- 
ments of “‘fast’’ mesons at sea level® give the 
result that for each meson which passes through 
144 g/cm? of lead, about 5X 10-*are stopped by 
an additional gram per square centimeter of a 
light element. The numbers of mesons per unit 
range interval, found in the two experiments, are 
different by a factor of eight. The decay of 
mesons in flight should deplete the low energy 
end of the spectrum to some extent, and it is 
also possible that the spectrum averaged over 
all directions differs appreciably from that in 
the vertical direction. It does not seem, how- 
ever, that either of these effects can be sufficient 
to explain the discrepancy. On the other hand, 
even though the absolute values for the integrated 
intensities of slow mesons obtained in our experi- 
ment are much more uncertain than the relative 
values at different heights, it does not seem 
likely that the estimate of the absolute intensities 
could be in error by a factor of eight unless the 
energy of the decay electron is less than 50 Mev. 
Further experiments are necessary to determine 
whether or not the apparent depletion of the low 
energy end of the meson spectrum represents a 
real effect. 

The knowledge of the dependence of the 
number of slow mesons on height provides an 
experimental test for any hypothesis on the 


energy is dissipated in ionization, the average energy per 
ion pair being about 35 ev. The density of air at stan 
temperature and pressure is 1.29 10-* g/cm*. Thus the 
total number of ion pairs per cm® per unit time is given by 
(50 10®X 1.29 10-*/35) f/ N(@)dw =1.8X 108, N(0)des. 

7™R. A. Millikan, H. V. Neher, and W. H. Pickering, 
Phys. Rev. 61, 397 (1942). 

8 See, for instance, B. Rossi, N. Hilberry, and J. B. Hoag, 
Phys. Rev. 57, 461 (1940). 
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variation of the rate of production of mesons 
with altitude and on the energy spectrum of the 
uced mesons. To determine how sensitive 
this method is as a test for the energy spectrum, 
we have calculated the ratio between the num- 
bers of vertical mesons at the end of their range 
at the atmospheric depths of 300 g/cm? and 
1000 g/cm? respectively, under the following 
assumptions: (a) The meson producing radia- 
tion undergoes exponential absorption in the 
atmosphere with a mean free path L. (b) Mesons 
are produced with a differential energy spectrum 
which obeys a power law dE/E* down to an 
energy Eo, and is constant from Ep» to zero. 
(c) Mesons have a mass of 10° ev/c? and a life- 
time of 2.15 microseconds. The calculation was 
carried out for L=100 g/cm? and for different 
values of Ey. The results were as given in 
Table III. 
The only conclusion one can draw from a 
comparison between the results listed in Table 
III and our experimental data is that the com- 
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Tase III. Computed variation of slow meson intensity. 








Eo (ev) 2.1 X108 3.9 X10* 7.7 X10° 
Meson range correspond- 

ing to Ee (g/cm*) 100 200 400 
Increase of slow meson 

intensity from 1000 to 

300 g/cm? 137 34 5.5 








paratively slow increase with height of the slow. 
meson intensity found experimentally indicates 
that the production spectrum of mesons is not 
very rich in low energy mesons. 
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The failure of the Mgller-Rosenfeld-Schwinger mixture 
to yield quantitative agreement with the observed proper- 
ties of the proton-neutron system suggests the possibility 
that this agreement might be obtained with other such 
mixtures in which tensor force singularities are cancelled. 
Several such possibilities exist involving vector, pseudo- 
vector, and pseudoscalar mesons, certain of which possess 
the characteristic that they yield a finite tensor and central 
interaction in the limit where the meson masses approach 
equality and the square of the coupling constant increases 
indefinitely inversely as the difference in masses. The re- 


1. INTRODUCTION 
[* spite of the qualitative correctness of the 
range and spin dependence of internucleonic 
forces derived from current weak coupling meson 
theories, it is well known that serious difficulties 
are encountered when one attempts to obtain 
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sultant interaction is of an especially simple form so that 
it was felt warranted to carry out calculations on the 
proton-neutron and proton-proton systems in spite of 
admitted conceptual difficulties concerning the result. 
These calculations indicated that satisfactory agreement 
with experimental results cannot be obtained with these 
limiting forms of the interaction, if one employs in the 
theory the mass of observed cosmic ray mesons. Sub- 
stantially better agreement can be obtained with a meson 
mass of the order of 300 electron masses. 


quantitative agreement with the available ex- 
perimental data. A part of these difficulties is 
connected with the overly singular radial de- 
pendence of the non-central or tensor part of the 
interaction, which, if accepted literally, precludes 
the existence of a complete set of eigenfunctions 
for the Schrédinger equation. One solution of this 






















126 








difficulty proposed by Mller and Rosenfeld! 
and improved. by Schwinger? consists of em- 
ploying a mixture of pseudoscalar and (heavier) 
vector mesons with equal coupling to the sources, 
such that the objectionable singularities are can- 
celled, at least in the first order non-relativistic 
approximation. This leaves, in the symmetrical 
form of the theory, an interaction qualitatively 
correct in the signs and spin dependence of the 
various terms. Calculations of Jauch and Hu,? 
however, indicate that quantitative agreement 
cannot be obtained with this theory in that, if 
the coupling constant and vector meson mass 
are adjusted to give the correct thermal neutron- 
proton scattering cross section and deuteron 
binding energy, then the predicted quadrupole 
moment of the deuteron is only 20 percent of 
the observed value.‘ 

The purpose of this paper is to point out the 
existence of several other possible meson mix- 
tures of the M@ller-Rosenfeld-Schwinger type in 
that the objectionable singularities in the tensor 
interaction are eliminated by cancellation. Two 
of these other possible mixtures possess the addi- 
tional feature that on passing to the limit in 
which the masses of the various mesons involved 
approach equality with a simultaneous increase 
of the square of the coupling constants inversely 
as the difference in the masses of the mesons, 
one obtains a limiting form of the interaction of 
very simple radial dependence. 

This interaction’ is derived in Section 2 by 
combining linearly the weak coupling interac- 
tions obtained from the vector, pseudovector, 
and pseudoscalar meson theories and then apply- 
ing the limiting process described above. It may 
be noted that the result is just the interaction 
one would obtain by differentiating the inter- 
action obtained in one of the simple theories 
with respect to the meson mass. The validity 
and physical interpretation of the method of 

1C, Mgller and L. Rosenfeld, Kgl. Danske Vid. Sels. 
Math.-Fys. Medd. 17, 8 (1940); C. Moller, ibid. 18, 6 
OTT bikietiibe, Phys. Rev. 61, 387(A) (1942). 

3 J. M. Jauch and N. Hu, Phys. Rev. 65, 289(L) (1944). 

‘Since the quadrupole moment of the deuteron is sensi- 
tive to distant parts of the wave functions, it would appear 
that the method of calculation employed by Jauch and Hu 
could not yield a very good result for this quantity. How- 
ever, according to information received through Professor 
J. R. Oppenheimer, Schwinger, in some unpublished calcu- 


lations, found that the discrepancy remains when better 
methods of calculation are employed. 
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derivation, in view of the infinite limit of the 
coupling constants, is admittedly obscure and 
sufficiently lacking in physical motivation as to 
make questionable the attachment of any field. 
theoretic significance to the result. We do not 
wish to underemphasize these conceptual diff. 
culties and therefore submit these results for 
their possible interest rather than with any 
expectation that they represent a key to the 
solution of the difficulties of meson theories of 
nuclear forces. Attempts to derive the same 
result in a more natural way, such as from a 
single meson field whose solutions reduce into 
solutions representing mesons of different spin 
and parity (the “‘tensor’’ meson theory, for 
example), were unsuccessful.5 

One feature of this interaction is worthy of 
some mention. One finds that the radial depend. 
ence of the central part of the interaction corre. 
sponds, in the symmetrical form of the theory, to 
a strong attraction at small separations, changing 
to a weak repulsion at large separations in states 
of even parity. This would presumably lead toa 
preferential forward scattering of high energy 
neutrons scattered by protons in view of the 
exchange character of the interaction.* This 
would be in agreement with the published obser- 
vations of Amaldi, Bocciarelli, Ferretti, and 
Trabacchi’ and of Champion and Powell.* How- 
ever, there now appears some doubt concerning 
the correctness of these experimental results.° 

5K. C. Wang and K. C. Cheng in a recent paper (Phys. 
Rev. 70, 516 (1946)) propose a five-dimensional meson field 
theory which in ordinary space-time represents several 
types of mesons with equal coupling to the sources. How- 
ever, the resultant theory is only invariant with respect to 
proper Lorentz transformations, with the result that the 
interaction between two nucleons is not invariant with re- 
spect to mirroring transformations in ordinary space. Asa 


consequence, parity would not be conserved in nuclear 
interactions. 

* This observation was pointed out to the author by 
Professor J. R. Oppenheimer. It follows from a calculation 
by the Born approximation employing only the central part 
Ps the force. The effect of the tensor force may lead toa 
reduction of this effect or a reversion to back scattering. 

7E. Amaldi, D. Bocciarelli, B. Ferretti, and G. 
Trabacchi, Naturwiss. 30, 582 (1942); Ricerca Scient. 13, 
502 (1942). 

8F. C. Champion and C. F. Powell, Proc. Roy. Soc. 
A183, 64 (1944). 

® According to G. Wentzel, Rev. Mod. Phys. 19, 1 (1947), 
footnote 38, C. F. Powell has reported, at the International 
Physics Conference at Cambridge, July 1946, that the 
scattering of 14-Mev neutrons by protons is practically 
isotropic in the center of gravity system. F. Oppenheimer 
and B. Moyer have also recently found at the Radiation 
Laboratory, University of California, Berkeley, that the 
bombardment of hydrogenous materials by high energy 
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In other respects the interaction appeared to 
form a satisfactory basis for quantitative calcu- 
lations on the binding energy and quadrupole 
moment of the deuteron, as well as proton-proton 
and neutron-proton scattering, since it is very 
similar to the empirical interaction employed by 
Rarita and Schwinger" in their calculations on 
the neutron-proton system. The results of these 
calculations are presented in Section 3 of this 
paper and further discussed in Section 4. The 
general conclusion following from these calcula- 
tions is that quantitative agreement cannot be 
obtained with the known properties of the 
interaction of ‘two nucleons on the basis of the 
limiting form of the interaction, if one employs 
for the meson mass the observed mass of cosmic- 
ray mesons.” Substantially better agreement 
would be obtained with a meson mass of about 
300 electron masses. 


2. THEORY 


The first order quasi-static interactions be- 
tween two nucleons in the various meson theories 
have been calculated by Kemmer." With a 
restriction to the symmetrical form of these 
theories, the interactions in the vector, pseudo- 
vector, and pseudoscalar meson theories are 
respectively : 
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(~100-Mev) neutrons, results in a strong forward projec- 
tion of protons, which appears-to indicate that at these 
energies, the neutrons are preferentially back-scattered in 
the center of gravity system. 
10 W. Rarita and J. Schwinger, Phys. Rev. 59, 436 (1941). 
™ N. Kemmer, Proc. Roy. Soc. A166, 127 (1938). 
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with %, t2 the isotopic spin operators and a, @2 
the ordinary spin operators for the two nucleons, 
r their separation, x, «’, «”, the reciprocal 
Compton wave-lengths of the various mesons, 
fig. f', 2¢,f", 2”, coupling constants, and 


We re ns —1'°C2, (4) 
r2 





the tensor force operator. The delta-function 
interactions have been omitted since they depend 
partly on the way in which the theories are 
formulated. 

The possibility of eliminating the r~* and r~ 
singularities stems from the different signs of 
these terms in the different theories. In order 
to obtain the empirically known attraction be- 
tween nucleons in states of even parity and the 
proper sign for the quadrupole moment of the 
deuteron it is necessary that the coefficients of 
the operators Si2(t:-t2) and (@:-o2)(*:°42) be 
positive at small separations. Furthermore, the 
calculations of Rarita and Schwinger'® strongly 
suggest that non-spin dependent terms in the 
braces are unnecessary so that one may choose 
g=0. This choice then automatically guarantees 
the observed equality of the 'S proton-proton 
and proton-neutron interactions.” 

The Mfller-Rosenfeld-Schwinger mixture is 
obtained by linearly combining (1) and (3) 
with f=g” and x>x«”’. This then yields a non- 
singular tensor force of the correct sign. If one 
searches for other possibilities of combining these 
interactions so as to eliminate the singular parts 
of the tensor force, one finds: 

(A) A combination of (2) and (3) with 
g’*— f’?=g’"*. The proper sign for the tensor inter- 
action is then obtained if «’ >«’’; however, the 
sign of the central interaction is then incorrect. 

(B) A combination of (1) and (2) with f’—g” 
=f*?. The proper signs for both the central and 
tensor interaction is then obtained if «>x«’. 

(C) The more general combination of (1), (2), 
and (3) with f?—g’*=f"—g”. The proper signs 
for the terms are then obtained if f?(x®—x«’*) 
+g/7(x?— x’) >Oand $f*x?— 5 (2f?—2g"7-+-g") x 
+42'%x'2>0. 


2G. Breit, Article on Proton-Proton Scattering in 
Nuclear Physics, University of Pennsylvania Bicentennial 
Conference (University of Pennsylvania Press, Phila- 
delphia, 1941). 
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Fic. 1. Variation of parameter a determining singlet 
thermal neutron-proton scattering cross section with the 


parameter y. 


We now note that in (C) if we take f=g’ 
and f’=g’’, the interaction approaches a finite 
limit as we let x’’—>x—>x«’, provided that simul- 
taneously f? and f” grow indefinitely large as 
1/(x—«’) and 1/(x’—«’’), respectively. The re- 
sult may be written as 


1 
Vie =3(t1 +1) {G*Su(—+1 ew 


+2F(-0)(—-1)e~|, (5) 


with 
G? =lim { f2x?(«— x’) + f/x? (K’ —x’’)} (6) 
F? =lim { f?x?(«— x’) —$f’?x?(K’ —x’")} 
and with the condition 
0< F?/G?<1. (7) 


The corresponding limiting case of (B) can be 
obtained from this result by setting F? =G?. 
The limiting forms of cases (B) and (C) corre- 
spond physically to the existence of charged and 
neutral mesons, all of the same mass and all of 
spin unity in case (B) and of spin zero as well 
in case (C). Cosmic-ray evidence lends some 
support to the existence of spin zero mesons® 
but does not definitely preclude the existence 
of shorter-lived mesons of spin unity, at least at 
higher altitudes.“ Of course, the validity of 
combining the weak coupling interactions given 
by (1), (2), and (3) especially in the limit where 
the coupling constants become infinite in order 
to obtain the interaction due to the composite 
3 R. F. Christy and S. Kusaka, Phys. Rev. 59, 405, 414 


(1940); J. R. Oppenheimer, Phys. Rev. 59, 462(L) (1941). 
“R. E. Lapp, Phys. Rev. 69, 321 (1946). 
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fields is certainly open to question. Justification 
of this procedure would require a far more in- 
cisive investigation of the higher order terms in 
the interaction than is at present feasible. 


3. CALCULATIONS 


Numerical calculations for the two nucleon 
system have been carried out with the interaction 
(5) in the special case G?= F? corresponding to 
case (B) above. If x=yc/h, where yu is the meson 
mass, is selected to correspond to the observed 
meson mass, » equal to 200 electron masses,™ 
then the only adjustable parameter in the theory 
is the quantity G?. The most convenient and 
accurate means of evaluating this constant is 
from the singlet thermal neutron-proton scatter- 
ing cross section. While the observed thermal 
cross section is a weighted average of singlet 
and triplet contributions, the triplet cross section 
is predominantly determined'® by the binding 
energy of the deuteron to be approximately 
4.3 10-* cm?, which, combined with the experi- 
mental total cross section’® of 2110-* cm’, 
gives for the singlet cross section a value of 
71X10-* cm’. 

The calculation of the singlet thermal neutron- 
proton scattering cross section was carried out by 
numerical integration of the differential equation 


d*u/dx?+y(2/x—1)e-*u=0 (x=xr) (8) 


where y= MG?/h?x?, M being the mass of the 
proton. Properly normalized, the asymptotic 
form of the solution of this equation which 
vanishes at the origin is 


u~x+a (9) 


and the singlet scattering cross section is then 
given by 
1g =49/x*a?. (10) 


The quantity a was calculated as a function of 7 
with the result shown in Fig. 1. The experimental 
value of 7110-* cm? for the cross section then 
determines y as 1.422. It will be noted that 
because of the proximity of the virtual singlet 
state of the deuteron to zero energy the value of 
thus determined is quite insensitive to either 
the exact value of the experimental cross section 


16 W. B. Fretter, Phys. Rev. 70, 625 (1946). 
1° H. B. Hanstein, Phys. Rev. 59, 489 (1941). 
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or to the exact assignment of a value to the 
triplet contribution to the cross section. A ten 


percent change in the experimental value of the . 


singlet cross section changes the resulting value 
of y by only 0.3 percent. 

With the value of y determined, calculations 
of the S-wave phase shift for proton-proton 
scattering at 0.670 and 2.392 Mev were carried 
out by numerical integration of the appropriate 
equations for values of y in the neighborhood of 
1.422. The values of these phase shifts are known 
quite accurately from the analysis of experiments 
on proton-proton scattering.’’ The results of 
these calculations together with the experimental 
values are given in Fig. 2.'* It will be noted that 
while the agreement is satisfactory at 0.670 Mev, 
the theory yields too rapid an increase of the 
phase shift with energy so that the theoretical 
value is definitely too high at 2.392 Mev. The 
discrepancy is outside the limits of error of the 
experimental values and is too large to be cor- 
rected by taking advantage of the 10 percent 
uncertainty in the experimental value of the 
mass of the meson. Calculations of the phase 
shift Ko at 2.392 Mev for meson masses of 180 
and 220 times the electron mass for y=1.422 
yielded the following results: 


» Keo (Theor.) Ko (Exp.) 
180m 58.5° 48.1° 
200m 56.2° 48.1° 
220m 53.8° 48.1° 


More serious discrepancies occur when one 
investigates the properties of the deuteron. The 
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Fic. 2. Proton-proton scattering S-wave phase shifts at 
0.670 and 2.392 Mev as a function of y. 


’G. Breit, H. M. Thaxton, and L. Eisenbud, Phys. Rev. 
55, 1018 (1939). 

is The numerical integrations were carried to r= 3e?/mc*. 
The small remaining repulsive “as will tend to reduce 
the calculated phase shifts slight 
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Fic. 3. Deuteron binding energy as a function of y as 
obtained by the iteration method for y= 1.422 and by the 
variational method. 


deuteron equations were solved for y= 1.422 by 
replacing each differential equation by a set of 
twenty difference equations, and the latter were 
then solved -by an iteration method. The re- 
sultant value for the binding energy of 0.85 Mev 
is less than one-half the experimental value of 
2.185 Mev.'® Because of the great labor involved 
in the iteration method, the approximate varia- 
tion of the binding energy with y was obtained by 
a simple variational calculation with the result 
shown in Fig. 3. From this it may be seen that 
a value of y greater than 1.5 would be required 
to give the observed deuteron binding energy. 
A value as large as this would mean the existence 
of a stable singlet state of the deuteron. 

While the iteration method employed to solve 
the deuteron equations gives accurate values for 
the binding energy, the poor approximation to 
the wave function at large distances limits the 
accuracy of the computed quadrupole moment to 
less than 10 or 20 percent. The computed value 
of the quadrupole moment was 5.010~*’ cm? 
which is considerably larger than the experi- 
mental value of 2.7310-*"’ cm? obtained by 
Rabi and his co-workers.”® On the other hand, 
the D-state probability was computed to be 
3 percent which is considerably lower than the 
value of 4 percent obtained from the magnetic 
moments of the proton, neutron, and deuteron.” 


4. DISCUSSION 


The scope of the calculations presented in the 
previous section can be considerably extended 
by some elementary considerations. Thus we 


1® M. L. Wiedenbeck and C. J. Marhoefer, Phys. Rev. 67, 
54(L) (1945). 

20 J. M. B. Kellogg, I. I. Rabi, N. F. Ramsey, a S R. 
Zacharias, Phys. Rev. 57, 677 (1940); A. Nordsieck, Phys 
Rev. 58, 310 (1940). 

( on R. Arnold and A. Roberts, Phys. Rev. 70, 766(L) 
1 , 































may investigate the consequences of dropping 
the restriction F?=G* and consider the more 
general case (C). If we retain the value of 200 
electron masses for the meson mass, then, since 
the tensor force is inoperative in singlet states, 
_the singlet thermal neutron-proton scattering 
cross section will demand again the value of 
1.422 for yr = M F?/h?x*. The S-wave phase shifts 
for proton-proton scattering will again be deter- 
mined by yr alone so that we obtain the same 
values as for the case (B). Thus we cannot 
eliminate the discrepancy in the proton-proton 
scattering phase shifts by passing to the more 
general theory. Insofar as the deuteron is con- 
cerned, we may now increase the relative amount 
of tensor force acting by the fact that we are 
at liberty to choose G? subject only to the con- 
dition G?> F?. But increasing the relative amount 
of tensor force, while allowing us to obtain 
agreement with the binding energy of the deu- 
teron, will also increase the computed value of 
the quadrupole moment of the deuteron, thus 
furthering the discrepancy with the observed 
value for this quantity. Hence we may conclude 
that no substantial improvement can be ob- 
tained by going to the case (C) than was pre- 
viously obtained with case (B). 

However, substantially better agreement can 
be obtained even in case (B) if we lift the re- 
striction on the meson mass to agreement with 
the observed mass. This may be seen by the 
following arguments: From the formula for the 
singlet thermal neutron-proton scattering cross 
section, it will be noted that a change in x would 
require a corresponding inverse change in a in 
order to keep the cross section in agreement with 
the observed value. But because of the relative 
insensitivity of y to the cross section, the new 
value of y required for agreement would differ 
only by a very small amount from the old value 
even for a change in « of the order of 50 percent. 
In fact a 50 percent increase in x would require 
a new value of y of 1.395. Now since the low 
energy proton-proton scattering is closely related 
to the singlet thermal neutron-proton scattering 
through the charge independence of the forces, 

a change in y and «x which held the neutron- 
proton scattering cross section fixed would be 
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expected to have little effect on the proton-proton 
scattering phase shift at 0.670 Mev and thus 
should leave the satisfactory agreement - pre- 
viously obtained unaltered. On the other hand, 
the calculations of the phase shift at 2.392 Mey 
for fixed y and varying «x indicate that by in- 
creasing x we can probably obtain agreement at 
this energy with an increase in x of the order of 
50 percent since the value of this phase shift is 
considerably more sensitive to « than it is to y. 

Turning now to the deuteron calculation, if we 
hold + fixed, then the computed binding energy 
of the deuteron varies as «*, while for fixed «x, 
the computed binding energy is not very sensi- 
tive to small changes in y. Thus we may expect 
to improve considerably the agreement with the 
binding energy of the deuteron by an increase 
in x again of the order of 50 percent. At the same 
time the computed quadrupole moment of the 
deuteron for fixed y varies as 1/x*. Thus an 
increase in x would result in better agreement 
for the quadrupole moment as well. However, 
since the D-state probability is independent of «x 
for fixed y, no substantial improvement would 
be obtained for this quantity. 

We may summarize our results as follows: On 
the basis of the interaction obtained from mixed 
meson theories with the restriction that the 
masses of all the mesons are equal, satisfactory 
quantitative agreement cannot be obtained with 
the known characteristics of two body forces if 
one takes for the meson mass the value observed 
for cosmic-ray mesons of 200 electron masses. 
The agreement can be improved considerably if 
the meson mass is taken to be of the order of 
300 electron masses. In general, one may con- 
clude that the outlook for a satisfactory theory 
of nuclear forces based on the circumvention of 
singularity difficulties through cancellation of 
singular terms in mixed theories does not appear 
promising in view of the past and present cal- 
culations. 

It is a pleasure to thank Dr. R. Serber, Dr. J. 
Weinberg, and Dr. D. Bohm, and in particular, 
Professor J. R. Oppenheimer for many illumi- 
nating discussions of the contents of this paper. 
The generous aid of Mr. V. Frederick with the 
numerical work is gratefully acknowledged. 
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Observations were made of the bursts of cosmic-ray ionization in a chamber covered by 
thin plates of lead, iron, and magnesium. From the observed multiplications of the numbers 
of rays in the shield, it is possible to separate the bursts of ionization caused by large atmos- 
pheric showers from bursts caused by heavily ionizing particles ejected from the chamber 
walls. Knowledge of the number of atmospheric showers allows the energy spectrum of the 
cosmic-ray electrons in the high atmosphere to be calculated. The integral spectrum is found 
to follow a power law with the exponent —3.1 in the region near 2X 10" electron volts. 





INTRODUCTION 


N a previous paper! of the same title, some 

observations were reported on the change in 
the number of large bursts of ionization as the 
jonization chamber was moved from a location 
under a very thin roof to one under a roof of the 
equivalent thickness of about 1 meter of water 
and to a place under more than 3 meters equiva- 
lent thickness of earth. Observations were made 
with and without a flat lead plate of 1 cm 
thickness over the chamber. Under the layer of 
earth, the size-frequency distribution curves with 
and without the lead were parallel if plotted on 
log-log paper. Thus the increase in the number of 
bursts was interpreted as an increase in the size 
of the bursts by additional cascade multiplication 
in the lead plate. The amount of multiplication 
observed was in agreement with the predictions 
of the cascade theory. This simple situation did 
not exist, however, for the observations taken 
under the very thin roof. The size-frequency 
distribution curves with and without the lead 
were not parallel, and the multiplication for the 
bursts of small size was much less than expected 
from the cascade theory. Since the size-frequency 
distribution curve of bursts with no material over 
the ionization chamber is almost a direct meas- 
urement of the primary cosmic-ray energy 
spectrum in the region of very high energies, it 
was desirable to investigate this seeming dis- 
crepancy more completely. The observations* 
were therefore extended to include measurements 


1C. G. Montgomery and D. D. Montgomery, Phys. Rev. 
56, 640 (1939). 

2A preliminary report of these observations was made to 
the American Physical Society, Phys. Rev. 59, 471 (1941). 


with other materials of several thicknesses over 
the chamber. 


OBSERVATIONS 


The ionization chamber and recording system 
have been described previously.* The chamber 
was spherical, 40 cm in diameter with walls of 
magnesium 1 cm thick. The shielding materials 
covered a square area 41 cm on a side and were» 
placed directly above the chamber. The chamber 
contained tank nitrogen at a pressure of 14.6 
atmos. at 20°C. If a specific ionization of 60 ion 
pairs per cm at atmospheric pressure is assumed, 
a burst of 10° ion pairs corresponds to 60 rays 
through the chamber. A correction for the lack of 
saturation has been included. 


TABLE I. The integral size-frequency distributions. 


(The upper figure is the number per hour R(#) of bursts of size 
greater than the specified ionization; the lower figure is the number of 
bursts observed.) 








Ion Num- 
pairs berof icm 10cm 20cm icm 2cm jcm jcm icm 
X10-* rays,n Mg Mg Mg Fe Fe Pb Pb Pb 





1.0 60 1.22 1.11 1.94 198 343 2.14 340 4.27 
420 98 218 554 847 867 S841 910 
1.1 66 060 068 1.16 1.30 2.50 1.17 2.25 3.17 
205 60 130 364 617 SO2 556 676 
1,2 72 040 044 0.73 0.80 1.28 0.74 1.56 2.40 
139 39 83 223 4316 «69317 44387 = 8=Sil 
1.3 78 O25 0.32 048 0.50 0.95 90.50 0.86 1.76 
87 28 141 235 217 213 374 
1.5 90 O13 0.22 0.35 034 O55 0.27 O54 1,11 
57 20 39 136 117 133 237 
2.0 120 0.061 0.10 0.17 0.17 0.20 O12 0.27 0.53 
26 9 19 7 50 50 67 113 
2.5 150 0.044 0.09 0.10 0.10 0.13 0.08 0.16 0.34 
19 8 il 28 32 36 41 72 
3.0 180 0.028 0.07 0.07 0.05 0.08 0.06 0.11 0.24 
12 6 15 20 26 28 51 
4.0 240 40.019 0.02 0.04 0.04 006 0.04 0.05 0.10 
8 2 5 10 15 19 12 21 
6.0 360 «420.005 0 0.04 0.02 0.04 0.02 0.01 0.06 
2 0 4 il 10 3 12 








*C. G. Montgomery and D. D. Montgomery, Phys. Rev. 


47, 429 (1935). 
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TABLE II. Integral distributions of air showers and 
disintegration bursts. 
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Ion pairs Number Density of 

x<10-8 of rays rays meter~? Ro(n) Rp(n) 
1.0 60 478 0.37 0.85 
1.1 66 526 0.30 0.30 
1.2 72 574 0.25 0.15 
1.3 78 621 0.20 0.05 
1.5 90 717 0.15 
2.0 120 956 0.06 
2.5 150 1220 0.04 
3.0 180 1430 0.03 
4.0 240 1910 0.02 
6.0 360 2870 0.005 








The numbers and rates of occurrence of the 
bursts observed are given in Table I. For each 
shield, between one and two hundred hours of 
records were taken. The accuracy of the observed 
rates can be estimated from the number of bursts 
observed for showers of large or moderate size. 
The rates of occurrence of the smallest bursts are 
somewhat less accurate than would be estimated 
from the number, since for these bursts the 
accuracy in the measurement of the burst size is 
important. In a steeply falling distribution curve, 
a small error in size produces a much larger error 
in the rate. 


ANALYSIS OF THE OBSERVATIONS 


These observations show the same salient 
characteristic that was evident from the previous 
ones. The multiplication produced by the shield 
is smaller for the small bursts than for the large 
ones and less for the small bursts than expected 
from the cascade theory. This suggests that at 
least two agencies are operating to produce the 
burst of ionization. One agent, which predomi- 
nates at large sizes, consists of cascade showers 
from the atmosphere which are multiplied in 
numbers of rays by the shield. The other agent, 
predominating at the smallest sizes measured, is 
not multiplied by the shield. It appears likely 
that these small bursts of ionization are the result 
of nuclear disintegrations produced by the cosmic 
radiation in which heavily ionizing particles are 
emitted, the “‘stars’’ found in cloud chambers and 
in photographic plates. If this were the case, the 
shield should have little effect on the number or 
size of such bursts. 

The data can then be analyzed on this basis. 
Let the differential size-frequency distribution of 


















the disintegration bursts be rp(m), the distriby- 
tion of cascade showers from the air be ro(m), and 
the total distribution be r(m). Then 


r(n) =rp(m) +ro(n). 


The air showers can be represented over the range 
of sizes in question by the power law 


ro(n) =An-*, 


This is evident from the curve for 1 cm of lead 
plotted in Fig. 1 of reference 1. Let us assume 
that the presence of the shield multiplies the 
number of rays in the air shower by a factor and 
does not change rp. Consequently, if r’(m) is the 
total rate with the shield 


r'(n) =rp(n)+AxSn-%, 


If the integral rates are represented by capital 
letters, that is 


R(n) = f roman, 


then 
R'(n) = Ro(n) + 45Ro(n). 


The integral rates given in Table | were, there- 
fore, analyzed graphically into one distribution 
which was independent of the shield plus another 
of the power-law form with the constant term, 
but not the exponent, a function of the shield 
thickness and material. 

It was found possible to fit all the observations 
with sufficient accuracy with a value of the 
parameter S=3.5 and with the distributions 
Rp(n) and Ro(n) given in Table II. It is evident 
that Rp(n) is negligible for the larger showers of 
rays. This method of analysis is not a very 
accurate one. Several trials indicated that Rp 
could be found to within 10 to 20 percent. This 


TABLE III. sare pa of observed and 











calculated multiplications. 
Thickness Critical Observed Calculated 
in Arley’s energy multipli- multipli- 
Substance rad. units Mev cation cation 
Air -= 98 — — 
} cm Pb 0.70 7 1.27 1.2 
4 cm Pb 1.39 7 1.53 1.7 
1 cm Pb 2.78 7 1.88 2.9 
1 cm Fe 0.78 25 1.36 1.1 
2 cm Fe 1.56 25 1.64 1.2 
10 cm Mg — 56 1.12 
20 cm Mg 1.86 56 1.30 1.1 
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results in a possible error in Ro perhaps as large 
as 40 percent for the smallest sizes. 

This decomposition of the observations also 
results in values of the multiplication r for the 
various shields, and these values of # may be 
compared with the predictions of the cascade 
theory. Table I11 lists the observed and calcu- 
lated values of x, as well as pertinent parameters 
of the cascade theory. The cascade calculations 
were made in the following way. In an air shower 
there are rays both above and below the critical 
energy for multiplication in air. Since the energy 
distribution of the rays below the critical energy 
is not well known, a mean energy for an air- 
shower electron was chosen and used to estimate 
the factor +. The calculations of Arley‘ were 
employed because they appear to be the most 
accurate available for small thicknesses of 
material. 

This method of calculation is admittedly only 
approximate. Besides the use of a mean energy, 
the circumstance that the shower rays pass 
through the shield at an angle has been neglected. 
Moreover, for showers incident at a large angle 
from the zenith, the shield does not completely 
cover the chamber. The production of electrons 
by photons in the air shower does not appear 
explicitly in the method of calculation. It is 
believed, however, that the values obtained in 
this manner are perhaps accurate to within 30 
percent. A more significant error occurs in the 
neglect of the 1-cm wall of the chamber. This 
error is most important for lead which has a 
critical energy of only 7 Mev. Since 1 cm of 
magnesium will stop electrons of energies less 
than about 4 Mev, the values of the multiplica- 
tion calculated in this way will be too large. The 
observed values of x agree perhaps as well as can 
be expected with the calculated values. For an 
accurate check of this point, both a better theo- 
retical treatment and improved experiments with 
the shielding in a spherical shape surrounding the 
chamber are needed. 


COMPARISON WITH OTHER OBSERVERS 


Several other experiments have been reported 
in the literature which provide more information 
on the rate of occurrence Ro(m) of air showers. 


*N. Arley, Proc. Roy. Soc. Al68, 519 (1938). 
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Fic. 1. The integral rates of occurrence as a function of 
the density of rays in air showers. Curve C represents the 
counter data of Cocconi, K-L the ionization-chamber data 
of Kingshill and Lewis, L the observations of Lapp cor- 
rected for multiplication, and M-M the corrected ob- 
servations described in the present paper. The curve W 
represents Wolfenstein’s calculation of the showers ex- 
pected from Euler's electron-energy distribution. 


Summaries of the previous work have recently 
been made by Lapp‘ and by Kingshill and Lewis.® 
These authors do not attempt to separate bursts 
produced by cascade showers from bursts pro- 
duced by nuclear disintegrations within the 
ionization chamber. Information is lacking in 
most cases to allow this separation to be made. 
Lapp has reported, however, observations made 
in a steel ionization chamber of diameter 35 cm 
with walls 1.25 cm thick with no shielding ma- 
terial present. Showers with a density of rays 
larger than our own observations were recorded. 
For these large density showers, the contribution 
of nuclear bursts should be negligible. A correc- 
tion should be introduced for the multiplication 
in the thick iron wall. If the observed value of the 
multiplication + given in Table III for 1 cm of 
iron is used, Lapp’s rates of occurrence should be 
divided by a factor of x5 or about 3. Figure 1 
shows a double logarithmic plot of these data in 
terms of the frequencies of bursts of a density of 
rays greater than a given value. Although the 
observations reported here do not cover the same 


5 R. E. Lapp, Phys. Rev. 69, 321 (1946). 
*K. L. Kingshill and L. G. Lewis, Phys. Rev. 69 159 
(1946). 
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range of densities, the agreement with Lapp’s 
data corrected for multiplication is satisfactory. 

The observations of Kingshill and Lewis are 
also plotted in Fig. 1. Their rates lie considerably 
above our observations and have a steeper slope. 
It seems likely that most of the bursts measured 
by these authors are the result of disintegrations 
within the ionization chamber. Kingshill and 
Lewis used a chamber 35 cm in diameter, but 
filled with argon to only slightly above atmos- 
pheric pressure. The amount of ionization pro- 
duced by a shower of electrons of a given density 
is therefore much smaller than the number of ion 
pairs that would be produced in a high pressure 
chamber such as used in Lapp’s experiments and 
in the present observations. In fact, the range of 
burst sizes observed by Kingshill and Lewis is 
from 10° to 6-105 ion pairs, scarcely larger than 
the range of ionization of natural a-particles from 
the radioactive contamination in the chamber 
walls. This point of view is confirmed by the steep 
slope of the frequency curve which is also found 
in the values of Rp in Table II. 

If this interpretation is correct, it is of course 
improper to plot the data of Kingshill and Lewis 
in terms of the density of rays in the shower. It 
would be more nearly correct to compare their 
observations with the values of Rp on the basis of 
the total ionization produced in the chamber. 
Such a comparison would not be valid, however, 
since the ranges of the particles and the conse- 
quent effect of pressure is not known. Moreover, 
in our experiments, it is doubtful that the ioniza- 
tion produced by a heavily ionizing particle 
would all be recorded because of extensive re- 
combination present at high pressures in nitrogen. 

Air showers have also been observed by counter 
techniques. The recent experiments of Cocconi 
and his collaborators’ can be directly compared 
with the present observations. The rates of 
occurrence can be expressed as a power-law 
variation with the density of the rays in the 
shower. In Fig. 1, Cocconi’s observations are 
plotted. These observations cover a range of 
densities smaller than those observed by ioniza- 
tion-chamber methods. A definite discrepancy 
appears to exist between observations made by 
the two methods. An investigation of the region 


7G. Cocconi, A. Loverdo, and V. Gongiorgi, Phys. Rev. 
70, 841, 846 (1946). 
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of densities between 0.01 and 0.1 per cm? by both 
methods would be very desirable. 


THE PRIMARY ENERGY SPECTRUM 


The importance of the determination of the 
number of air showers is that the energy spec- 
trum of the cosmic radiation at very high energies 
can be found. It may be assumed that electrons 
of very high energies are present in the upper 
atmosphere which originate either from some 
process that produces them there or from a 
process in the depths of space. The cascade 
theory can be used to calculate the multiplication 
in the atmosphere and the energy distribution of 
the electrons can be derived. Such a calculation, 
using our earlier data, was presented in che 
previous paper.! The theoretical expression for 
the lateral spreading of the showers which was 
used in these calculations has since been shown 
to be incorrect. More accurate calculations have 
since been made by Cocconi’ and by Wolfenstein.* 
These authors, however, attack the problem from 
the other end; they assume an energy spectrum 
of electrons at the top of the atmosphere, and 
calculate the number of air showers at sea level, 
The dashed curve in Fig. 1 shows the results of 
Wolfenstein’s calculations based on the primary 
spectrum proposed by Euler,’ namely, 


F(> E) =170(108 ev/E)!:8 cm~ sec. 


Cocconi used the same primary spectrum. 
Wolfenstein’s calculation may be used to find 
what energy spectrum is necessary to produce the 
observed number of air showers, since there is a 
rough one-to-one correspondence in the energy 
and the density of shower rays. From Fig. 1 for 
showers of a density of 0.1 cm~, the calculated 
value is too small by a factor of 34. The power 
law calculated is —1.5 and the observed value 
—2.5. The observed exponent for showers corre- 
sponds! to an exponent of —3.1 in the integral 
primary energy spectrum. The required integral 
spectrum becomes, therefore, 


F(>£E) =1.4X10-*(10"* evy/E)*! cm~ sec. 


This spectrum should be valid near 10° ev. The 
accuracy of these estimates, both theoretical and 
experimental, leave much to be desired. 


*L. Wolfenstein, Phys. Rev. 67, 238 (1945). 
*H. Euler, Zeits. f. Physik 116, 73 (1940). 
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The corrections referred to in the title are considered 
for a proton and neutron moving in each other's field. 
Two alternative equations are used as starting points for 
the calculations. One of these is an extension of the 
electrodynamic laws of interaction between charged par- 
ticles. The other is typical of Hamiltonians giving rise to 
inverted (Thomas term like) vector spin orbit doublets 
and is an extension of the scalar field one-body equation. 
The calculations reported here show about the same degree 
of sensitivity of the relativistic correction of the deuteron’s 
moment to the type of interaction assumed between 
particles as has been previously obtained in simplified 


considerations with a single particle model. It is concluded, 
therefore, that one cannot be sure of estimates of rela- 
tivistic corrections to approximately their whole magnitude 
and that even the sign of the correction cannot be con- 
sidered as certain. Considerations regarding additivity of 
nuclear moments involving an accuracy of much better 
than 0.01 nuclear Bohr magneton appear to be obscured 
not only by the presence of relativistic corrections but also 
by the remoteness of sufficient knowledge concerning the 
interactions between particles which is essential for the 
determination of the effects of relativity. 





1, INTRODUCTION 


T has been pointed! out that relativistic effects 

for the magnetic moment of a nuclear proton 
depend not only on its kinetic energy but also on 
the nature of forces binding the proton to the 
other nuclear particles. In the work just quoted, 
the proton was considered to be in a central field, 
and it was found that different results were 
obtained depending on whether the field was of 
the four-vector or of the scalar type. For a dis- 
cussion of the principle of the matter it is 
satisfactory to make the simplified assumption of 
the central field. It is, nevertheless, desirable to 
know whether the effects of relativity are seri- 
ously affected by the introduction of the some- 
what more realistic appearing view of interactions 
between pairs of nuclear particles. In the present 
note, calculations are described in which the 
interactions are of the latter type. Since the true 
interaction is not known and since it is probably 
impossible to describe it without the explicit 
introduction of a meson field or its equivalent, 
and since the meson theory of nuclear forces is 
still in a very rudimentary and unsatisfactory 
stage, it appears to be premature to try to give a 
unique or correct answer even to the deuteron 
problem at this stage. It may also be recalled 
that the existing treatments of nuclear forces by 


*A preliminary account of this paper was presented at 
y pasting of the National Academy of Sciences, April 

, 1947. 

** Assisted by Contract N6ori-44, Task Order XVI of the 
Office of Naval Research. 

1G, Breit, Phys. Rev. 71, 400 (1947). 
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meson fields are not worked out to the point of 
obtaining interactions correctly even to order of 
the square of the ratio of the velocity of the par- 
ticle to the velocity of light (v/c)* and that the 
field-theoretic divergence troubles usually set in 
as soon as this order of accuracy is attempted. 
The calculations described below are, therefore, 
of necessity of a provisional character and they 
are intended in the spirit of finding out what kind 
of effects might exist and where they can reason- 
ably be looked for. The starting point of the 
calculations is a set of wave equations? which has 
been set up in such a way as to have invariance to 
order v*/c?. One of the wave equations is an ex- 
tension of the laws of interaction between charged 
particles according to electrodynamics. While the 
field theoretic difficulties are formally present in 
electrodynamics as well as in meson theories, the 
understanding of the physical applicability of 
approximations is a much better one in the 
electrodynamic case and it is consequently possi- 
ble to have some confidence in the validity of this 
equation at least in the special case of a meson 
field degenerating into a field of photons. 
Another equation which is tried out below for 
the deuteron has been set up* in such a way as to 
give the inverted order of the fine structure of 
nuclear levels for which there has been some 
experimental evidence.* The fine structure of 
?G. Breit, Phys. Rev. 51, 248 (1937). 
+L. H. Rumbaugh and L. R. Hafstad, Phys. Rev. 50, 681 
(1936); D. R. Inglis, ibid. 783; W. H. Furry, ibid. 784; G. 


Breit, reference 2; G. Breit and J. R. Stehn, Phys. Rev. 53, 
459 (1938). 
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nuclear levels appears from the point of view of 
this equation as a relativistic effect and arises 
from the same set of terms in the equation which 
give rise to some of the relativistic effects on the 
magnetic moment which are studied below. Thus 
in this case, also, there is a partial tie-up with 
experiment through the supposedly observed fine 
structure. 

Neither of the equations tried satisfies the re- 
quirements of saturation of nuclear forces. Equa- 
tions invariant to order v*/c? have been devised‘ 
for exchange forces and could, of course, be tried. 
This has not been done for the present note be- 
cause it appears that at this time the qualitative 
rather than the quantitative aspect is important 
and because it is believed that the variability of 
the answer to the assumptions made has become 
sufficiently established through the combined 
evidence of calculations for central fields! with 
those reported on now. 


2. INTERACTIONS OF THE FOUR-VECTOR TYPE 


For obvious reasons it is logical to refer to an 
interaction having transformation properties 
similar to those of the electrodynamic case as an 
interaction of the four-vector type. This equation 
has been discussed as Eq. (16.1) in reference 2 
and has the form 


{ E+c(arp1) +c(enpm) 
+(61+6n)Me+J—Q}y=0; (1) 


Q=(eren)J/2—(arr)(enr)dJ/2rdr. (1.1) 


Here the wave function y has 16 components, 4 
for each particle. The vectors a; have for com- 
ponents Dirac’s a matrices for particle I multi- 
plied by the unit matrix for particle I]. The 
matrix 8 is the fourth Dirac @ matrix in ac- 
cordance with the usual notation. The energy, 
including that of the rest mass, is E, c is the 
velocity of light, the p are vector momentum 
operators, and the mass of either particle is M. 
The quantity J depends only on the distance r 
between the particles and is the negative of the 
potential energy in the non-relativistic limit. The 
vector r is the displacement from II to I. The 
quantity Q, defined by Eq. (1.1), is such as to 
make Eq. (1) invariant to order v?/c?. Dirac’s 
original choice of matrices a, 6 will be used. For 
the single particle problem the components 
¥. (a=1, 2) are small while the y (b=3, 4) are 


4G. Breit, Phys. Rev. 53, 153 (1938). 
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relatively large at low velocities. For the two 
particle problem the wave function y,, has six. 
teen components which can be labeled by two 
indices, the first index referring to particle | and 
the second to particle II. It is convenient tg 
break up the sixteen components into four groups 
of four as follows: 


WV for both yu and » equal 3 or 4; 
x1 for »=1 or 2, »=3 or 4; 
xu for »=3 or 4, v=1 or 2; 
¢ for both yw and » equal 1 or 2. 


Each of the four quantities just listed has. two 
components for the first particle and two for the 
second. It is convenient to write equations be- 
tween these quantities with the following con- 
vention. The distinction between indices 1 and 3 
and indices 2 and 4 will be dropped in linear 
equations connecting any of the four quantities 
WV, x1, xu, and ¢ with each other. In other words 
each of the four quantities is considered as a 
column matrix with 4 rows arranged in order for 
the four y,, in such a way that in the first row 
yp, v=yp’', v’, in the second p, v=y’, v’’, in the third 
p,v=p"’,v’, in the fourth p, y=", »”’ with p”>y’, 
v’’>v’. For ¥ it will be understood that yp’ =»’ =3, 
p”’ =v’ =4; for x1 one takes p’ =1, wp” =2, v’=3, 
v’’ =4; for x similarly py’ = 3, uv” =4, vr’ =1, v”’ =2; 
for y, on the other hand, p’=»’ =1, wp” =v" =2, 
With this notation one rewrites Eq. (1) as 


(E-—2M2+J)¥+c(orpi) xa 
+c(oupu)xut+X¢=0; (1.2) 


coup) ¥ + (E+J) x1 +-Xxun+c(onpn)¢=0; (1.3) 
c(oupn)¥ + Xx + (E+J)xu+c(orpr)¢=0; (1.4) 


XWV+c(onpn) x1 +¢(orp1) x11 
+(E+2Mc2+J)¢=0; (1.5) 

with 

= —(en)J/2+ (or) (eur)dJ/2rdr. (1.6) 
Here o1, om are, respectively, the Pauli spin 
matrices for particles I and I]. Equation (1.2) is 
obtained from Eq. (1) by setting »=d=3, 4; 
vy=b=3,4. Equation (1.3) is obtained for »=a 
=1,2;v=b=3, 4. Similarly, Eqs. (1.4), (1.5) are 
obtained from Eq. (1) for »=}b, v=a and yw=a, 
v=a, respectively. 

From Eq. (1.3), neglecting ¢ one finds a first 
approximation to x1 expressed in terms of ¥. 
Similarly Eq. (1.4) gives a first approximation to 
xu. These first approximations, when introduced 
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into Eq. (1.5) give ¢, correct to order v*/c?. The 
formulas for ¢, x1, x so obtained when intro- 
duced into Eqs. (1.3), (1.4) yield expressions for 
x1, xu also correct to order v*/c*. The results are 


g=((orpr) (oupu) — MX J¥/(4.M?c*) ; (2) 


w= {-[1-(W+J)/2Me] 
X (orp1) /2Mc— pr*(orpr) /8M*c* 
+[(onpu)X +2X (onpn) ]/8M%c*}¥. (2.1) 


The contribution to the magnetic moment 
caused by the Dirac current of particle I, which 
js assumed here to have a charge é¢, is the expecta- 
tion value of 


we = elt Xay ]/2. (2.2) 


The computation of the expectation value can be 
carried out by substitution of Eqs. (2), (2.1) into 
Eq. (2.2). The calculation is described in 
Appendix I. The work is straightforward since by 
well-known formulas one can always linearize an 
expression in Pauli sigmas. One finds for the 
expectation value of a *S state 


u./wo=(1—(T)/3Me* ] 
+(T)/6Me=1—-(T)/6Me (2.3) 


where yuo is the nuclear Bohr magneton, and the 
quantity in square brackets is the value obtained 
for u./o if one neglects the term Q in Eq. (1). The 
quantity (7) is the mean of the non-relativistic 
kinetic energy of the deuteron in its center-of- 
mass system. 

The calculation would have the appearance of 
being more accurate if one computed the value of 
ue for the exact mixture of the *S and *D states 
which corresponds to the bound state of the 
deuteron. The correction for the presence of the 
*D state has, however, been made by Arnold and 
Roberts’ making use of calculations of Rarita 
and Schwinger.* The correction is of the order of 
one percent of the moment of the deuteron, and 
the relativistic corrections to this correction are 
probably negligible. It may appear, on the other 
hand, to be inconsistent to neglect the admixture 
of the *D state which is demanded by Eq. (1) for 
the ground state of the deuteron. The four- 
component form of Eq. (1) indeed contains terms 
in (or)(enr) where r is the displacement vector 
from II to I and because of these it is impossible 
to have a pure *S state. Estimates show, however, 
SW. R. Arnold and A. Roberts, Phys. Rev. 70, 766 


(1946). 
*W. Rarita and J. Schwinger, Phys. Rev. 59, 436 (1941). 
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that the admixture of the *D state corresponding 
to these tensor force terms is much smaller than 
that used by Rarita and Schwinger. The coeffi- 
cient of the *D state is about 1/10 or 1/20 of that 
of Rarita and Schwinger and it appears justifiable 
to assume, therefore, for purposes of the calcula- 
tion of the magnetic moment, that the ground 
state of Eq. (1) is a pure S state. 


3. INTERACTIONS OF THE SCALAR TYPE 


These interactions are discussed by means of 
Eq. (18.1) of reference? which has the form 


{£+c(erpr) +c(enpn) + (61+6n) Me+6i6nJ 
+ (ayer) J/2+ (arr) (eur)dJ/2rdr}y=0. (3) 


Equation (18.2) of reference 2 shows that there is 
no tensor force in the four component Pauli form 
and that its ground state is a pure *S term. The 
calculation is just like that for the four-vector 
equation. The approximations to order v*/c* are 


¢ =((orpr) (eupn) — MY JW /(4M?*e*) ; (3.1) 


x= {—[1-(W-J)/2Me] 
X (orpr) /2 Mc — pur? (orp) /8 M*c* 


+[(enpn) ¥+2Y(enpn))/8M%c*?}¥, (3.2) 
where 
Y=J(o1en)/2+(or)(our)dJ/2rdr. (3.3) 
Substitution into Eq. (2.2) gives 
He/wo=(1+(—W+(T)/3)/Me*} 
—~(T)/6Me=1+(—W+(T)/6)/Me. (3.4) 


In the above formula the expression in square 
brackets is the result of neglecting Y which is 
equivalent to neglecting the terms in (aye) and 
in (er) (eur) in Eq. (3). The quantity W= —2.17 
Mev in Eq. (3.4) is the non-relativistic energy of 
the deuteron. 

The calculation leading to Eq. (3.4) is very 
similar to that which gave Eq. (2.3). Many of the 
same quantities occur in both. The evaluation of 
the expectation value of the operator on the right 
side of Eq. (2.2) is made this time also for a *S 
state, and Eq. (3.4) is supposed to be right only 
for this state. 

As has been mentioned in the introduction, 
Eq. (3) corresponds to spin orbit interactions of 
the simplest Thomas effect type as may be seen by 
inspection of Eq. (18.2) of reference 2. The term 
—(T)/6Mée which is added to the bracket in the 
expression for the relativistic correction factor 
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given by Eq. (3.4) arose through the presence in 
Eq. (3) of the terms in (ayer), (err) (anr). If these 
terms were omitted in Eq. (3), the spin orbit 
interaction would not be affected, but the in- 
variance to order v*/c? would be destroyed. 


4. NUMERICAL APPLICATIONS AND DISCUSSION 


The magnetic moment of the proton p,=2.79 
and the magnetic moment of the neutron 
n= —1.93 in units of a nuclear Bohr magneton. 
The proton moment can be broken up into 
1+1.79. The first part (1) will be considered as 
caused by the Dirac current associated with the 
proton’s charge and the second (1.79) will be 
attributed to an intrinsic moment of the type 
first introduced by Pauli’ and referred to below as 
the “Pauli part.” A calculation of relativistic 
effects for this moment has been made by 
Caldirola* for the special case of a Diracian 
particle in a four-vector field. Caldirola’s formulas 
as they appear in print are not consistent with 
each other, and it appears from his arithmetic 
that an incorrect sign of the correction term has 
been arrived at. It has been shown! that for the 
Pauli part the relativistic correction factor for S 
terms is 

1—(T,)/3Me, i— (T,)/3Me, (4) 


for the proton and neutron, respectively, inde- 
pendent of the type of field to which the particle 
is exposed, and it has also been shown there that 
this correction factor is a purely kinematic effect 
which is expected quite apart from quantum 
theory as a consequence of the Lorentz contrac- 
tion of a magnetic doublet. 

From the formal point of view of calculation 
the independence of this correction factor on the 
special form of the interaction between particles 
is caused by the fact that the small components 
of the wave function, y, have to be known in 
terms of the large ones only to the first rather 
than to the second order in v/c. This circum- 
stance has its origin in the fact that the intrinsic 
moment is a multiple of {—p30,) in Dirac’s original 
notation and that p3e, is diagonal, so that only 
squares of absolute values of wave function 


components enter the calculation. The same. 


circumstance makes it unnecessary to bring th 


7W. Pauli, Handbuch der gn ne 
— Springer, Berlin, 1933), Vol. 24/1, p. 2 


Caldirola, Phys. Rev. , 567 (1946) ; it , Ra, 
Phys. Rev. 57, 383 (1940); G 
(1928). 


. Breit, Nature 122, 649 
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second order quantity ¢ into the calculation for 
the two body problem, and the quantities x, yy, 
are needed only to the first order. To this order 
they are expressed in terms of W by operating on 
W by the same operators which give for the one 
body case the small Dirac wave function com- 
ponents in terms of the large ones viz., 


x1 — (opr) V/(2Mc) (4.1) 


and similarly for xu. In the calculation of the 
correction factor to the Pauli part of u» one needs 
only x1, and for yw,» one needs only xn. The 
relativistic correction factors to the Pauli parts of 
the moments are thus verified to be the same 
functions of the momentum operators of the 
individual particles as for the one-body problem. 


Since 
(Ty) =(Tn)=(T)/2 (4.2) 


the combined contribution to the relativistic 
correction of the deuteron caused by the Pauli 
parts of the moments of both proton and neutron 
is ° 

— (1.79 — 1.92) ((T)/6Me2) =0.022(T)/Me. (4.3) 


Because of the approximate cancellation of the 
Pauli parts the contribution attributable to (4.3) 
is so small that it could be neglected and is 
carried here only for the sake of completeness. 

Combining Eq. (2.3) with Eq. (4.3) the rela- 
tivistic correction becomes for the four-vector 
field 


Aw = (0.022—1/6)(T)/Mce = —0.145(T)/ Me (5) 
which gives for! 


(T)/Mc?=0.0078 (5.1) 
the value 
Aw= -—0.0011. (5.2) 


If, on the other hand, one omits the effect of Q in 
Eq. (2.3) then one obtains 


Ay'n=(0.022—1/3)(T)/Me 
=—0.311(T)/Me (5.3) 


so that for the numerical value of (7) in Eq. (5.1) 


one obtains 
A;‘n»= —0.0024. (5.3’) 


Equations (5.3) and (5.3’) have been given here 
only for comparison with the more logically 
derived Eqs. (5) and (5.1) so as to show the 
magnitude of the effect of the terms arising from 
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Q. The quantity Q, it will be remembered, has 
been introduced into the four-vector equation so 
as to correct for lack of invariance in its absence. 
It is the extension of the combined effect of 
magnetic interaction and the effect of electro- 
static interaction of electrodynamics. The sensi- 
tivity of the relativistic correction to assumptions 
regarding the nature of interactions between 
particles is especially striking if one notes that 
the right sides of Eqs. (5.2) and (5.3’) differ by 
more than a factor 2 and that this difference is 
produced entirely by terms which give effects of 
order v*/c? in the energy. 

For interactions of the scalar type one obtains, 
combining Eqs. (3.4) and (4.3), 


A= (— W+0.18%T))/Me (6) 


so that with W=—2.17 Mev and the value of 
(T) following from Eq. (5.1) one obtains 


Au = 0.0023 +0.0015 = 0.0038. (6.1) 


The number 0.0023 is the contribution of the 
term in W in Eq. (6). If the terms attributable to 
Y are neglected in Eq. (3.4) then one obtains 


Ae’up = (— W+-0.355(T))/Me (6.2) 
which gives, on making use of Eq. (5.1), 
Ao’ u = 0.0023 +-0.0028 = 0.0051. (6.3) 


In this case, just as in the equation of the four- 
vector type, one has an appreciable effect of the 
terms analogous to Q of Eq. (1) as evidenced by 
the fact that the difference of the right sides of 
Eqs. (6.1) and (6.3) is of the order of magnitude 
of themselves. 

It may be appropriate to discuss briefly the 
degree of certainty in believing the differences 
Aw—A;'u and Az—A,’y to be physical conse- 
quences of the equations which have been ex- 
amined. Reasonable doubt can be entertained 
regarding this poirit because in the electro- 
magnetic case the order v*/c? is believed to be the 
last one in which the Hamiltonian function can 
be consistently used for the description of two 
particles with a complete elimination of field 
quantities. There is some possibility, therefore, 
that in higher orders there will be additional 
effects which cannot be foreseen through the 
Hamiltonian. This possibility cannot be cate- 
gorically denied. It appears to be an unlikely one 
for the electromagnetic case but for the deuteron 
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the situation is so full of unknown circumstances 
that it would be hazardous to claim too much for 
the value of a systematic expansion in powers of 
v/c. But if one makes a development of quantities 
in such powers, then one cannot avoid the intro- 
duction of some such term as Q in Eq. (1). One of 
the functions of this term is to make the equations 
of motion invariant to order v*/c*. It would be 
wrong, therefore, to leave this term out of 
consideration. 

It should be remarked, however, that con- 
siderations of invariance do not suffice to fix such 
a term as Q. This aspect of the situation has been 
discussed at length in reference 2. It has to be 
brought up here only for the purpose of empha- 
sizing the lack of uniqueness in the answers. It is 
possible to vary the values of the correction not 
only by making the function J occur in a place 
characteristic of purely four-vector or scalar 
types of interaction as in Eqs. (1) and (3), but 
one can vary even such differences as Ayw—A,'p 
by a suitable change in the choice of the quan- 
tity Q. 

In addition to the factors which have just been 
mentioned it is necessary to consider that there 
is the further flexibility of choice caused by the 
unknown exchange character of nuclear forces. 
The terms analogous to Q are different for ex- 
change forces from what they are for the ordinary 
ones. 

It should finally be mentioned that the electric 
quadrupole of the deuteron speaks for the pres- 
ence of the *D to an extent of about 4 percent on 
the basis of probability which corresponds to a 
coefficient of about 0.2 for the *D wave function. 
In the non-relativistic single body problem the 
magnetic moment operators are diagonal in the 
orbital angular momentum L and the whole 
magnetic ‘moment is in this approximation a 
weighted mean of magnetic moments in the *S 
and *D states in the proportions 0.96 and 0.04. 
The fact that the deuteron has two, rather than 
one, particles makes no difference in this con- 
nection because for any wave function for which 


(Pi +pu)¥ =0 
one has 


LY = (v1p12—21Py) ¥ = — (Vpn — 21P ry) ¥ 
= (yp. — 21py) V 


where p=(pi—pmn)/2 is the relative momentum. 
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Since ¥ has a definite parity, an interchange of I 
and II leaves ¥*¥ unchanged and one has, there- 
fore, for expectation values 


(Liz) = (Luz) =(L:z)/2 


as for two particles moving around each other 
according to Newtonian dynamics. From this 
point of view it might appear that the 4 percent 
admixture of the *D state could be left out of 
account since 4 percent of the corrections could 
be surmised to be negligible. Such a conclusion 
would not be a safe one, however, for the Dirac 
part of the moment, because the operator 
entering the calculation of expectation value of 
the magnetic moment with WV contains e.g., a 
term in 
(tron) VuJ 


which has non-vanishing matrix elements be- 
tween +S and *D states. Because of this part of the 
operator one has cross terms between these states 
which enter, therefore, with the coefficient 0.2 
rather than (0.2)?=0.04. A quantitative exami- 
nation of these terms at this stage appears 
pointless on account of the many other uncer- 
tainties, but their existence is nevertheless of 
interest. 

The value of (J) which was used in the 
numerical estimates is the same as in reference 1. 
It corresponds to a “square well” interaction 
potential with radius e?/mc’. In a final calculation 
of the effect, one would have to take into account 
the presence of the *D state in some such way as 
has been done by Rarita and Schwinger.* The 
change in the effective interaction potential 
found by them is large, and the value of (7) used 
here is only provisional. Since the equations which 
have been used above do not have as a conse- 
quence, however, any strong admixture of the *D 
state, it is a self-consistent procedure to neglect in 
the present connection the effects which will 
enter on account of the Rarita-Schwinger 
calculations. 

The considerations which have just been pre- 
sented give the same general picture as those in 
reference 1. The relativistic correction to the 
magnetic moment is sensitive to the assumptions 
made regarding the forces between the particles. 
The sensitivity is so great and there are so many 
contributing effects that a close evaluation on any 
particular model would be pointless, and even the 
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possibility of a close compensation of the effects 
cannot be excluded since different signs for the 
effect have been obtained for different assumed 
interactions. 

The fact that the corrections attributable to 
relativistic effects are subject to so many uncer- 
tainties makes it somewhat doubtful that one 
will be able to test hypotheses of additivity in 
their finer features also in other nuclei such as 
H? or He*. Presumably, however, the effects will 
not exceed .01 of a nuclear Bohr magneton and 
to this precision it should be possible to make use 
of measured values with the calculations of Sachs 
and Schwinger® and of Sachs." 


APPENDIX 
Calculation of the Dirac Part of Moment 


The Dirac part of the proton’s magnetic mo- 
ment is given by Eq. (2.2). The expectation value 
of [11 Xarz] is first expressed as the three-dimen- 
sional integral of 


vt Ker WW = xr Lr Xor V+ Yt Xen |x: 
+xut[n Xe1 e+ ¢t in Xer xn 


and on the right side of the above equation the 
values of x1, xu, and ¢ in terms of WV are substi- 
tuted by means of Eqs. (2), (2.1), (3.1), and (3.2). 
The row matrices gt, Wt, --- are, respectively, 
the conjugates transposed of the column matrices 
yg, V, ---. The quantity W is substituted for in 
terms of the closely related quantity ¥™ which 
should be®* normalized to unity. Somewhat 
lengthy but otherwise straightforward manipula- 
tions yield expressions involving expectation 
values of W, J, and rdJ/dr. These quantities are 
present, of course, only in the correction terms to 
the moment, and the evaluation of their expecta- 
tion values may be carried out, therefore, non- 
relativistically. For the non-relativistic wave 
equation the virial theorem holds for expectation 


values so that 
(rdJ /dr) = —2(T) 


holds with sufficient accuracy. By means of this 
relation all of the correction terms can be ex- 
pressed by means of W and (/) or else by means 
of W and (7). The correction factors in the text 
have been obtained by the process described 
above. 


* R. G. Sachs and J. Schwinger, Phys. Rev. 70, 41 (1946). 
1 R. G. Sachs, Phys. Rev. 69, 611 (1946). 
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Superconductivity and the Debye Characteristic Temperature 


JULEs DE LauNAY AND RicHarD L. DOLECEK 
Naval Research Laboratory, Washington, D. C. 


(Received January 13, 1947) 


A plot of the superconducting threshold temperatures as a function of the Debye charac- 
teristic temperatures of the known superconducting elements discloses a number of inter- 
esting relationships. These relationships, in conjunction with previously known empirical 
rules, are used to discuss the occurrence of superconduction among other elements. It is con- 
cluded that Sc, Y, and Sm are not likely to be found superconducting, but that Ce, Pr, Nd, 
and Ac (should its atomic volume prove to be of the order of 22 cm*/mole) are expected to be 
superconducting. Data on Pa is very sketchy. The best that can be inferred is that Pa should be 
superconducting with a threshold temperature in excess of 2°K. 





HUS far little connection has been found be- 

tween the occurrence of superconductivity 
among the elements and the other physical 
properties of the elements. One of the two con- 
nections which have been pointed out is that the 
superconducting elements occupy groups II to V 
in the periodic table except for the first sub- 
group of II and the second sub-group of V. 
Recently uranium and rhenium, groups VI and 
VII respectively, have been reported to be 
superconducting. The other connection is that 
the superconducting elements occupy a rather 
well-defined region in the atomic volume versus 
atomic number graph.' In a search for other 
empirical relations, a relation, shown in Fig. 1, 
between the superconducting threshold tem- 


perature (7,) and the Debye characteristic tem- 
perature (@p) was found. This relation is pre- 
sented with the thought that it may prove to 
be of heuristic value. ; 

The Debye temperatures used in Fig. 1 were 
re-computed in order to include recent data 
occurring in the literature. In order that the 
graph be self-consistent, the Debye temperatures 
were determined for a range of values of 7/@p 
from 0.2 to 0.8. In certain cases a better fit to 
the specific heat data was obtained by a combina- 
tion of a Debye curve and a small correction 
term directly proportional to the absolute tem- 
perature. On the assumption that the linear 
term represented the electron contribution, the 
Debye curve fitted in this manner was used 
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Fic. 1. A plot of superconducting threshold temperature (7,°K) versus Debye 
characteristic temperatures (@p°K) for the seventeen known superconducting ele- 
ments in groups II to V. Circles indicate those elements whose characteristic tempera- 
tures are derived from specific heat data. Crosses indicate those elements whose 
characteristic temperatures are estimated by means of other standard methods. 





1 For example: E. F. Burton, H. Grayson Smith and J. O. Wilhelm, Phenomena at the Temperature of Liquid Helium 
(Reinhold Publishing Corporation, New York, New York, 1940), articles 29-30. 
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for determining the characteristic temperature. 
Where specific heat data were insufficient for a 
determination of the Debye temperature, other 
standard methods were employed. In plotting 
Fig. 1, those elements whose Debye temperatures 
were determined by these other methods are 
distinguished by the use of crosses instead of 
circles. 

In’Fig. 1 it is seen that the superconducting 
elements fall into two major groups: namely, the 
electro-negative group V (V, Cb, Ta) and the 
electro-positive group. These electro-negative 
elements have threshold temperatures well above 
the electro-positive elements possessing corre- 
sponding values of Debye temperature. Only 
when the Debye temperature is of the order 
100°K do the threshold temperatures for the 
electro-positive group become comparable with 
those of the electro-negative. Uranium and 
rhenium are not included in Fig. 1 as they would 
have determined only a single point in their 
respective groups. 

In addition to the above, the distribution of 
the elements in Fig. 1 indicates the following: 


A. For the electro-positive group those elements lying 
near the vertical part of the curve have larger atomic 
volumes than those lying near the horizontal portion of the 
curve. The range of atomic volumes along the vertical part 
of the curve is 14.2 to 22.6 cm*/mole. The range of atomic 
volumes along the horizontal portion of the curve is 9.2 
to 14.2. 

In examining those elements which have not been tested 
for superconduction, this relationship between atomic 
volume and Debye characteristic temperature for the 
known superconducting elements may be an additional 
restriction on the occurrence of superconduction. 

B. Within the electro-positive group, there is almost a 
clean-cut division in the threshold temperature range 
occurring at a Debye temperature of the order 120°K. 
This suggests that in the electro-positive group, threshold 
temperatures in excess of 2°K would not be expected for 
those elements having Debye temperatures larger than 
120°K. 

C. The horizontal portion of the electro-positive curve 
has a slight positive slope. 

D. The one serious exception to the regularity shown by 
the electro-positive group is tin. This may be connected 
with the fact that tin is an allotropic element. 

E. In drawing the horizontal portion of the curve, more 
weight was given to Al than to Ti. The value of threshold 
temperature (1.8°K) for Ti has been questioned by 
Schoenberg’ whose work suggests a much lower value. 


* D. Schoenberg, Proc. Camb. Phil. Soc. 36, 84 (1940). 
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Assuming the empirical relationship of Fig, { 
to be valid, it is interesting to apply it, in con. 
junction with the atomic volume versus atomic 
number graph, to those elements of groups I] 
to V which have not been explored in order to 
see what predictions can be made. Scandium, 
yttrium, actinium and the rare earths (numbers 
58 to 71) of the electro-positive group, and 
protoactinium of the electro-negative group V 
are elements satisfying the rule concerning the oc- 
currence of superconduction in the periodic table, 

Scandium has not been isolated. It is estimated 
that its atomic volume is 18 and that its Debye 
temperature is 330°K. On the basis of these 
values, it would appear that scandium is not 
among the superconducting elements. It lies far 
out of the region occupied by the supercon- 
ducting elements in the atomic volume versus 
atomic number graph. In addition, from A we 
do not expect to find such large atomic volumes 
in the region characterized by Debye tempera- 
tures of the order of 330°K. Only if the actual 
atomic volume of scandium proves to be less 
than the estimated value of 18 (say, 9 to 14) 
would there be reason to suppose that it would be 
superconducting, with a threshold temperature 
of the order of 1°K. 

Yttrium has an atomic volume of 16.1 and a 
Debye temperature of the order of 230°K. The 
atomic volume of yttrium exceeds the limit set 
by both empirical rules. From this one would not 
expect yttrium to be a superconductor. 

Actinium has an atomic volume somewhere in 
the range 22 to 38 and a characteristic tempera- 
ture of the order of 100°K. Thus, if its atomic 
volume should prove to be of the order of 22, 
it would satisfy the empirical conditions and 
would be expected to fall on the vertical part of 
the curve in Fig. 1. 

Data available on the rare earths (numbers 58 
to 71) of the electro-positive group limit the 
discussion to cerium, praseodymium, neodymium 
and samarium. Cerium, praseodymium and neo- 
dymium have atomic volumes of the order of 20 
and Debye temperatures, derived from the melt- 
ing point formula, of the order of 100°K. These 
rare earths, therefore, are probably supercon- 
ductors and should lie on the vertical part of 
the curve. Cerium has been tested to 1.4°K. 
However, from Fig. 1, the possibility that it may 
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be superconducting at a lower temperature is 
not excluded. The data on samarium give an 
atomic volume of 19.4 and indicate a Debye 
temperature in excess of 130°K. Although the 
atomic volume, 19.4, would lie within the region 
on the atomic volume versus atomic number 
graph, because of the relatively large value of 
Debye temperature, greater than 130°K, it is 
not likely that samarium is a superconductor. 
Protoactinium occupies a position in the peri- 
odic table indicating an atomic volume in the 


neighborhood of 16 and a Debye temperature of 
the order of 150°K. Protoactinium belongs to 
the electro-negative group for which the data in 
Fig. 1 is very sketchy. The best that can be 
inferred from the data available is that there is 
some likelihood that protoactinium is supercon- 
ducting and will have a transition temperature 
within reach of helium cryostats. 

It would be interesting to see if something 
could be done along these lines with the super- 
conducting compounds and alloys. 
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On the Kinematics of Uniformly Accelerated Motions and Classical 
Electromagnetic Theory 


E. L. Hit 
Department of Physics, University of Minnesota, Minneapolis, Minnesota 
(Received January 28, 1947) 


In continuation of earlier work a study is made of the 4-dimensional conformal group of 
transformations in space-time as the extension of the Lorentz group permitting the introduction 
of uniformly accelerated reference frames into relativity theory. The problem of the motion 
of a particle is discussed, as well as the implications for the classical-type electron theory 


developed by Dirac. 


1, INTRODUCTION 


HE problem of extending the special theory 
of relativity to permit the introduction of 
euclidean systems of uniformly accelerated refer- 
ence axes has been shown'~* to depend on the 
generalization from the group of inhomogeneous 
Lorentz transformations L, to the group of con- 
formal transformations C, in space-time. This 
group is characterized by a line-element of the 
form® 


ds? =)*(dr? — dx? —dy*—ds*) =N*nidxidx’, (1) 


in which the function \ is determinable from the 
group properties of C,. The mathematical charac- 
terization of this group was first given by Lie® 
who showed that it consists of a 15-parameter 
family, within which ZL, forms a 10-parameter 


1L. Page, Phys. Rev. 49, 254 (1936). 

*H. P. Robertson, Phys. Rev. 49, 755 (1936). 
thoes T. Engstrom and M. Zorn, Phys. Rev. 49, 701 

36). 

‘E. L. Hill, Phys. Rev. 67, 358 (1945). 

5 The notation here is x®°=r=ct, x!=x, x*=y, x*=2, with 
nj=0 if ix~j, = +1 if i=j=0, =—1 if i=j=1, 2, 3. 

*S. Lie, Theorie der Transformationsgruppen (Teubner, 
Leipzig, 1930). 


subgroup. In the earlier discussion by the writer,‘ 
the detailed proof of the association of C, with 
uniformly accelerated motions was established 
only for the one-dimensional case, that for 
motion in three dimensions being obtained by 
generalization only. In the present paper the 
complete solution of this problem will be given. 

The interest for physical theory in this ex- 
tension of the special theory of relativity rests on 
three main foundations. In the first place, it 
supplies a direct procedure for the study of 
uniformly accelerated motions, in a relativistic 
sense, by their reduction to analytical coordinate 
transformations. Secondly, it has been known for 
a number of years from the work of Cunningham’ 
and of Bateman® that C, is the general symmetry 
group of point transformations of the Maxwell- 
Lorentz field equations. The association with the 
kinematical interpretation of uniformly acceler- 
ated motions provides a direct approach to the 
study of the radiations from accelerated charged 

7E. Cunningham, Proc. Lond. Math. Soc. [2]8, 77 


(1910). 
*H. Bateman, Proc. Lond. Math. Soc. [2]8, 223 (1910). 











particles.* Lastly, the fact that the group C, is 
larger than the corresponding group of classical 
kinematical theory, which depends on only 13 
parameters,‘ leads one to certain model universes 
of interest in cosmological theory. This aspect of 
C;, which was first discussed briefly by Robertson,” 
more recently has been noted independently by 
Infeld® and by the writer"! and has been analyzed 
comprehensively by Infeld and Schild.” 

It may be noted that although our discussion 
necessarily has much in common with those of 
Robertson and of Infeld and Schild, insofar as the 
properties of the group C, are in question, the 
motivation here is quite different. In the cos- 
mological application attention is directed pri- 
marily to those subgroups of C, which satisfy the 
so-called principle of homogeneity. Our analysis 
of the general kinematical problem, as well as the 
applications to electrodynamics, require a treat- 
ment of the full group. 

The theory developed here is based on the 
consideration that the form-invariance of physical 
equations under finite continuous groups of 
transformations such as the translation, rotation, 
Lorentz, and conformal groups may be of more 
fundamental significance than general tensor 
covariance. This is suggested by the fact that 
under the transformations of parameter groups 
there is no fundamental way in which one can 
distinguish one set of reference axes from another. 
So far as the present paper is concerned, this is 
recognized by the condition that although the 
line-element of Eq. (1) may be considered as an 
invariant of the group C,, and although there 
exists a set of coordinates in which the function \ 
reduces identically to unity, we refrain from 
identifying this system with any particular 
physical set of coordinates which may arise in the 
discussion. 


2. THE CHARACTERISTIC DIFFERENTIAL 
EQUATION OF UNIFORMLY 
ACCELERATED MOTION 


The first studies of the uniformly accelerated 
motion of a particle in one dimension, in a 
relativistic sense, were made by Einstein, 

* Calculations in this direction, on the basis of specific 


models of the electron, were made by H. Hassé, Proc. 
Lond. Math. Soc. [2]12, 181 (1912). 


10L. Infeld, Nature 156, 114 (1945). . 

u E. L. Hill, Phys. Rev. 68, 232 (1945). 

12 L. Infeld and A. Schild, Phys. Rev. 68, 250 (1945) ; ibid. 
70, 410 (1946). 
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Minkowski, Born, and Sommerfeld ; references to 
this work will be found in the books by Paylju 
and von Laue.'* In the applications of the cop. 
formal group to the electromagnetic field equa. 
tions by Cunningham, Bateman, and Hassé, jt 
was realized that there existed an association 
with accelerated motions on the basis of the form 
of the infinitesimal transformations of the group, 
but the full analysis of this association was 
lacking. 

We consider as given a priori a “laboratory” 
system of euclidean axes S, in which a particle js 
observed to perform a type of motion which we 
wish to characterize as of uniformly accelerated 
type. By a homogeneous Lorentz transformation 
we can, at any instant, introduce a rest-system of 
coordinates such that in it the particle is instan- 
taneously at rest, although in general it will still 
have an acceleration, as well as higher ordered 
derivatives of its motion. We now give the 
following : 


Definition. The motion of a particle will be con- 
sidered to be uniformly accelerated if the time rate 
of change of its acceleration, as measured in an 
instantaneous rest-system, vanishes identically. 

To put this definition into effect, we consider a 
coordinate system S’ which is obtained from the 
laboratory system by the general homogeneous 
Lorentz transformation'® 


r’ =r—Bo{ (t- Go/Bo?)L1 — (1 — Bo?) *] 
+r(1—Bo?)}, (2) 
7’ =(r—r-Bo)(1 — Bo?) +. 


We now consider a particle, for which the 
motion is observable in both S and S$’, and com- 
pute the transformation equations for its velocity, 
acceleration, and time rate of change of ac- 
celeration, employing the definitions 


§=dr/dr, a=dG/dr, y=da/dr (3) 


with similar relations for S’. We shall need to 
write down explicitly only the transformation 
equation for the vector y. 

For convenience in the later argument we ex- 
press the vector y’ of the S’-system in terms of 
the variables of the laboratory system 5S, 








13 W. Pauli, Relativitatstheorie (Teubner, Leipzig, 1921), 
sec. 26. 

4M. von Laue, La Théorie de la Relativité (Gauthier- 
Villars, Paris, 1922), Tome 1, p. 166 et seq. 

165E, Madelung, Die Mathematischen Hilfsmittel des 
Physikers (Springer, Berlin, 1936), p. 272. 
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obtaining 
1 =(1-B Bo) PL (1 — Bo*)! 
+ BoL (7 Go/Bo*) (1 — Bo?) (1 — (1 —Bo?)*) J} 
+3(a-Go)(1—G- Bo)~*{a(1 —Bo*)! 
+ Gol (a Go/Bo*) (1 — Bo?) (1 — (1 —Bo?)*) }} 
+(1—8-Bo)*{ (¥ - Bo) (1 —8- Bo) +3(a- Bo)*} 
x {G(1 — Bo”)! — Bol 1 — (8 - Bo/Bo*) 
x (1 — (1 —Bo?)#) J(1 —Bo*)}. (4) 


If we now require that S’ be a rest-system for 
the particle at the instant considered and apply 
our definition of uniformly accelerated motion, 


we have 
6’ =0, Go= 8B, vy’ =0. (5) 


On reduction of Eq. (4) with the values in 
Eq. (5) we find the characteristic differential 
equation of uniformly accelerated motion'® 


y(1—6") +a3(a-§) =0. (6) 


The foundation of our argument now is that C, 
gives just the group of point transformations 
under which Eq. (6) is invariant. Since this is a 
purely mathematical question which the reader 
may be prepared to take for granted, the detailed 
proof is relegated to Appendix A. An alternative 
proof is provided by the discussion of section 3. 
The general integral of Eq. (6), which describes 
the class of uniformly accelerated motions, is 
given in Appendix B. 

Our kinematical interpretation of C, arises 
from the fact that we can find within it a trans- 
formation which will introduce a co-moving or 
local-system"” for a particle performing any 


The statement in reference 4 that the characteristic 
differential equation for 3-dimensional motion is complex 
arose, originally from a definition which was later shown to 
be inadequate, since it led to an equation which was not 
even invariant under the Lorentz group. The essential point 
in the present definition is that the time-derivative of the 
acceleration must be computed before .S’ is identified with a 
test-system ; in the 1-dimensional motion discussed in refer- 
ence 4 this complication did not arise. Equation (6) of the 
present paper is a simple generalization of Eq. (6) of 
reference 4. 

"In reference 4 the term proper-system was used to 
denote a system of space and time variables, which might 
be considered to belong to an “observer” thought of as 
permanently riding with a particle. Since this terminology 
comes into conflict with the established usage of the term 
proper-time, we have used here the designation local- 
system, which stems from the older term local-time used by 
Lorentz. The concept of such a local-system is frequently 
employed in qualitative discussions for general motions of 
a particle, but seldom with an attempt at defining it 
accurately in the sense of establishing the transformation 
equations between the laboratory system and the local- 
system. The fact that its accomplishment is possible for 
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motion governed by Eq. (6), which will be such 
that the particle will be permanently at rest in it. 
Conversely, starting with a particle at rest we can 
find a system in which it will appear to describe 
any motion of this type. 

In order to accomplish this, we consider a 
coordinate system So, having space and time 
variables (xo, Yo, 20, To), and think of each point of 
it as occupied by a particle, the whole family 
composing the points of Sp. Suppose now that Sp 
is related to the laboratory system S by a trans- 
formation of C, such that “ 


x= Fy(xo, Yo, 20, To), T = G(x, Yo, 20, To) (7) 


with similar relations for y and z. 

If we now fix our attention on a particular 
particle P* of So, having. space coordinates 
(xo*, yo*, 2o*), then the expression r=G(xo*, yo*, 
zo*, To), gives the relation between the laboratory 
time 7 and the local-time 1» of the particle. On 
solving this relation for 7» in the form ro=g(xo"*, 
yo*, 20*, r) and substituting in the first three of 
Eqs. (7), we obtain the equation for the trajectory 
of the particle P* in the laboratory system in the 
form 


x(r) = F,[xo*, yo*, 20%, g(x0*, yo*, 20%, 7) ], (8) 


with similar equations for y(r) and 2(r). 

In So the “trajectory” of each particle is a 
degenerate form of uniformly accelerated motion, 
corresponding to constant values of its space 
variables ; therefore in S each particle will appear 
to move on a trajectory of the family obeying 
Eq. (6). There is no loss of generality in picking 
out a particular one of the particles of So, say 
that one Po* at the origin of coordinates in So for 
convenience, as a fundamental particle. By 
choosing various transformations from C, we can 
cause this particle to perform any of the possible 
types of uniformly accelerated motion in the 
laboratory system S. 

It is clear that, just as for the Lorentz group, 


uniformly accelerated motions provides a keystone in our 
physical analysis. It is to be noted, however, that the 
essential point really is the establishment of local-systems 
for “observers” ; the application of Lorentz transformations 
to the Dirac quantum mechanical equations for an electron 
shows that the interpretation of the observer as the actual 
physical particle is not essential to the development of a 

uantum mechanical th . In the present paper we con- 


sider only the phases of the problem related to classical 
theory, in which we can speak of the “observer” as a 
physical particle. 








the transformation of C, which introduces a 
local-system for a particle is not uniquely defined. 
This is of little consequence in the special theory 
of relativity in which all particles moving with a 
given velocity can be reduced to rest simultane- 
ously by a single Lorentz transformation, but a 
similar situation does not hold for accelerated 
motions. The trajectories of a set of particles 
must be related as is indicated in Eq. (8) in order 
that they may all be reduced to permanent rest 
by a single transformation of C,. 


. 3. THE ABRAHAM 4-VECTOR 

The kinematical considerations of section 2 can 
be put in an invariant form by the introduction 
of a 4-vector which was originally discovered by 
Abraham in connection with his theory of the 
. radiation reaction of an accelerated charged 
particle; we shall refer to it as the Abraham 
4-vector. 

We write Eq. (1) in the form 


ds? =\*(dy)? = (1 — 6°) dr’, (9) 


and define the 4-vectors for the velocity, ac- 
celeration, and time rate of change of acceleration 
as usual by differentiation along the world-line of 
the particle, the formulas being'® 


B'=dx‘/ds, a= dp'/ds+| - aie 
j 


(10) 
reatiet| Slam 
The Abraham 4-vector is now defined as 
Ti=yi+Bi(g pata’). (11) 
We now introduce the quantities 
Bi=dx‘/dy, a'=dp*/dy, (12) 


which do not form 4-vectors in the relativistic 
sense, but which may be considered as the 
apparent velocity and acceleration which would 
be defined for the particle if we neglected the 
appearance of the scaling factor \ in Eq. (9). 

On introduction of Eqs. (9), (10), and (12) into 





18 In this section and in certain equations of the following 
section, we have employed the symbols 8, a, y in a double 
meaning, using them for both ordinary 3-dimensional 
vectors and for 4-vectors, but the context makes the 
meaning clear. 
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Eq. (11) we obtain the result 


1 ¢d2Bi = dpi dp* 
rm fe (4h) 








NL dy? dg de 
Pl. d (: = =) 
dh? Ldg\ dx™ dg ax™ 
n't d sdlnd\ dindadlnd 
- —( )+ | (13) 
AMLde\ Ax" dg ax" 


The general form of the function \ can be 
calculated, and is found to be!® 


AN=R/[14+2(niga'x’) +(nmnda")(nrex"x") ], (14) 


in which the a’s and & are arbitrary constants, 
When this is substituted into Eq. (13) it is found 
that the second and third members on the right 
hand side cancel identically, so that we get finally 


oma a 
~ a dy ae ® ry . ( ) 


On lowering the index and separating into 
space and time parts we find the expressions” 


I'o= (G-@) /A(1—8*), (16) 
r=[e+6X(6 Xe) ]/A(1—86°), 





with 
o=([y7(1—6*) +e3(e-8) ]/(1—6*)*”. 


It is apparent from these equations that the 
uniformly accelerated motion of a particle, in 
the sense of our definition, is characterized by the 
vanishing of the Abraham 4-vector. 


4. THE MECHANICS OF A PARTICLE 


The complete form-invariance of the electro- 
magnetic field equations under C, leads one 
naturally to seek a formulation of the equations 
of motion of a particle having the same symmetry 
group. It is at once apparent from the form of the 
acceleration 4-vector that this is not possible 
without admitting a mass term which depends 


1° The finite transformations of C, are most readil 
computed by means of hexaspherical coordinates, w 
are described in H. Weyl, Space-Time-Matter (Methuen, 
London, 1922), p. 286, and in F. Flein, Héhere Geometrie 
(Springer, Berlin, 1926), p. 247. The function in Eq. (14) is 
not directly comparable with the results of Infeld and 
Schild, reference 12, without a special investigation of the 
su ps of C, under which ) is invariant in form. 

20H. Bateman, reference 8, p. 253, and W. Pauli, refer- 
ence 13, p. 654. The factor ik is paralleled by a similar 
factor in the form of the Lorentz electromagnetic force on 
a particle. 
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explicitly on the space-time coordinates. On 
writing out the form of the acceleration from 
Eq. (10), using the line-element of Eq. (9) we find 


 ipdBé’ __ a Ind 
ai =—| + (B8'—ni9 : 
; NMLde j 


Ox 

and there is no apparent way of eliminating the 
explicit term in Ind. In the discussion of Infeld 
and Schild this circumstance is accepted, but 
while such a conception may be suitable in the 
cosmological applications, we are not prepared to 
adopt it in general physical theory. There is, of 
course, no mystery in this difficulty in terms of 
ordinary mechanical conceptions, since the pres- 
ence of a material particle performing a uniformly 
accelerated motion would be prima facie evidence 
of the existence of an external field. The existence 
of a problem at all arises from the association 
with electrodynamical theory in the treatment of 
the motions of charged particles. 

We make contact at this point with the 
formulation of the classical equations of motion 
of an electron by Dirac, which has been studied 
in a number of papers by Eliezer.” The radiation 
reaction terms are obtained in this theory by a 
particular method of evaluating the electro- 
magnetic field along the world-line of the particle, 
taking into consideration both retarded and 
advanced potentials. Since Dirac’s principal 
arguments refer only to the properties of the 
electromagnetic field, it would appear that the 
analysis of this paper would have some bearing on 
his results. We can, in fact, write down two 
possible sets of equations of motion which are 
form-invariant under the Lorentz group, and 
which might be considered as the generalization 
of Dirac’s equations. The first of these is obtained 
by introducing the Abraham radiation reaction 
directly into the Minkowski form of the equa- 
tions of motion of a particle in the special theory 
of relativity, which yields the equation 


a3(a- 3) 
1—p? 











3 3(a-§)? 
om (y-6)+ i—s 


“=P. A. M. Dirac, Proc. Roy. Soc. Al67, 148 (1938). 

"C. J. Eliezer, Proc. Camb. Phil. Soc. 42, 40 (1946); 
Phys. Rev. 71, 49 (1947). See also a forthcoming review of 
the theory by Eliezer in the Rev. Mod: Phys. 





| =e[E+$XH]. (17) 


UNIFORMLY ACCELERATED MOTION 








147 





The second set is obtained by dropping the term 
in the velocity 4-vector in the definition of the 
Abraham 4-vector of Eq. (11), which leads to the 
result 














dt mS 2e? a3(a- 6) 
pres roe 
drl(i—p*)*] 3(1—8?) 1— 6? 
4(a-§)? 
+ Goes 
1—#? bet 
=e[E+$XH]. (17a) 


The association of the Abraham vegtor with 
uniformly accelerated motions gives one at once a 
qualitative idea of the origin of the “non- 
physical” solutions of the Dirac equations which 
have been discussed in some detail by Eliezer 
and others.** 

One might suppose that since Dirac’s theory is 
based primarily on the field equations, it should 
be possible to generalize it to have the symmetry 
group C,. A direct attempt to do this is fraught 
with difficulties, but the discussion given here 
makes it seem probable that such a treatment 
would lead to a formulation in terms of the 
Abraham 4-vector, since this is the simplest 
kinematical vector which is form-invariant under 
C, and has the appropriate properties for ex- 
pressing radiation reaction. However, this leaves 
us with precisely the same unsolved difficulty so 
far as the inertial term is concerned. It appears 
then that the generality of Dirac’s theory is 
limited by the unexplained nature of the mass of 
a particle to invariance under the Lorentz group. 

By the omission of the inertial term on the left- 
hand side of Eq. (17) we can obtain an equation 
which is invariant under the full group C,, in 
which we can introduce any invariant scalar in 
place of the Abraham factor 2e?/3. Considered as 
an equation of motion of an ordinary charged 
particle this is quite inacceptable, but it still has 
a certain suggestiveness. In the first place, it is 
known that for the linear uniformly accelerated 
motion of a point-charge no radiation field is 
generated.** It appears probable that the uni- 
formly accelerated motions, as defined here, 
constitute a unique class of radiationless orbits, 
although the detailed proof is not easy to give 

%H. J. Bhabha, Phys. Rev. 70, 759 (1946). N. Arley, 


Phys. Rev. 71, 272 (1947). 
* W. Pauli, reference 13, p. 648. 








owing to the complex nature of the general trans- 
formation of C,; the discussion of section 7, 
reference 4, shows this to be the case for motions 
- differing infinitesimally from rest. Secondly, it is 
worthy of note that in the detailed calculations 
of Hassé® on the self-force of certain model 
electrons, making use of the transformation of the 
self-field under Cy, no terms corresponding to 
radiation reaction were found. 

It has been remarked to the writer by Professor 
E. Fermi that there may be an essential difficulty 
in defining the radiation from orbits of the uni- 
formly accelerated type in which the particle 
comes from, and proceeds to, infinity with a speed 
asymptotically approaching the speed of light. 
Similar questions have been raised in conversa- 
tions with Professor R. Feynman. The problem 
deserves a new investigation. It can be shown 
that the coulomb field of a point charge trans- 
forms exactly into the standard solution for linear 
uniformly accelerated motion as obtained by re- 
tarded potential methods, under the transforma- 
tion given in section 6, reference 4; this suggests 
that a more complete analysis of the behavior of 
retarded and advanced solutions of the field 
equations under C, would be valuable.” 

From these remarks we get the suggestion that 
Eq. (17), without the inertial term, might be 
interpreted as the equation of motion of a type of 
charged particle of zero rest mass, the particle 
behaving merely as a singularity in the electro- 
magnetic field. By including only, the external 
field in the right hand side of Eq. (17), we would 
obtain the trajectories for uniformly accelerated 
motion as solutions of the equations of free 
motion of the particles. Singularities moving 
with the speed of light are included under the 
special case (Appendix A) y¥=0, a=0. This does 


% Note added in proof. Since this paragraph was written 
a more complete study has been made of the transformation 
of the coulomb field of a point charge for the case of uni- 
formly accelerated motion along a line. The formulas 
obtained give the analytic continuation of the field into 
the region in which the retarded field itself vanishes. The 
resultant field is strongly influenced by the singularity in 
the transformation. The absence of a radiation field is 
related to the appearance of a second singularity in the 
field, other than that of the particle itself, corresponding 
to the “ideal charge at infinity”; owing to the nature of 
the transformation this singularity is brought into the 
finite region of the laboratory system, so that the complete 
transformed solution corresponds to the motion of two 
moving ch , of opposite signs, in the laboratory system. 
This emphasizes the importance of the singularities of the 
transformation, as well as of those of the field itself, in 
both the finite and the infinite regions of space-time. 
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not lead to a separate expression for the “par. 
ticle’’ energy, so that all of the energy must be 
associated with the field ; owing to the singularity 
this is infinitely great. 

It is to be hoped that experiments with the new 
high energy betatrons and other devices will 
prove sufficiently accurate to give us our first real 
measurements on the radiation from particles, 
not arising directly from collisions with other 
particles. 


APPENDIX A 


The symmetry group of Eq. (6) can be studied 
by standard procedures of group theory, but it is 
more instructive to show its relation to the group 
C, by an indirect method. We pose the argument 
in two stages: 

(a) Among the trajectories of particles obeying 
Eq. (6) are those of particles moving with the 
speed of light; for brevity we shall refer to these 
as c-particles. Any transformation which pre- 
serves Eq. (6) must leave the family of orbits of 
c-particles invariant. For c-particles we have the 
conditions, following directly from the properties 
of Lorentz transformations,” 


B=1, 


The first of these conditions yields the differential 
equation for the trajectories of c-particles 


(dr)? — (dx)? — (dy)? — (dz)? =0. (18) 


The second condition implies in addition that 
these trajectories are straight lines. With the 
third condition, which is a consequence of the 
second; we see that Eq. (6) is automatically 
satisfied for c-particles. But the work of Lie** 
shows in fact that the invariance of Eq. (18) 
defines the group C,. This argument was used by 
Engstrom and Zorn? in discussing Page’s original 
theory,' and was: employed also in the writer's 
earlier paper.‘ However, since the trajectories of 
c-particles form only a subset of all of the 
trajectories defined by Eq. (6), it proves ins 
reality only that the symmetry group of Eq. (6) 
must be a subgroup of C,. 

(b) The second part of our argument consists 
in the direct verification that Eq. (6) is actually 


a=0, y=0. 


% Note added in proof. This procedure is now seen to 
attach too great importance to the class of trajectories of 
c-particles which are straight lines. The most genera 
condition on a ¢-particle is that a-§=0 when 8=1, which 


is sufficient to guarantee Eq. (6). 
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invariant under all of the transformations of C,, 
thus showing that C, must be a subgroup of the 
symmetry group of Eq. (6). These two results 
taken together imply that C, actually is the 
symmetry group of Eq. (6). For this purpose we 
take the formula for the general infinitesimal 
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transformation of C, from reference 4, with an 
obvious re-definition of the parameters to con- 
form to our present choice of variables, and also 
define 


68 =idu,+jou2t+Kous, 
b@ =idu5+joust+kduz, 


52 = idust+jouotKouro, 
bv =idyi,+Jjopie+kdy13. 


The general infinitesimal transformation of the thrice-extended group C, now becomes 


r= —és— (dw X r) —7164+3(r? —71*)bv—r(r- dv) — TYbui4t+Tbuis, 


r= —pa— (4-64) —7(r- bv) — 3 (7? +77) burs +75u15, 


ig = — (da XB) — 62+G(G- 42) + (r-B—7)dv—(r—78)(B- dv) +[G(r-$) — 1 Jour, 


(19a) 


= — (dw Xa) +a2(3-52)+6(a- 52) +[(r-a) +8°—1 Jév—(r—78) (a: dv) +e(r- dv) 


= — (dw X 7) +73(G- 5) +a3(a- 62) +6(y- 64) +L(r- 7) +3(8-@) Jov+-2(r- dv) 
+3(a+ry)(8-5v) +a3r(a- dv) —(r—7G)(y- dv) 


(19b) 

(19¢c) 

+a2r(§- dv) +[e2(r-$)+6(6?—-1)+6(r-@) +r Jéuis—eduis, (19d) 
+[y3(r- 8) +727 +e3(r-a) +038°+63(8-a)+6(r-y) iuis—2ydur5. (19e) 


The condition that Eq. (6) shall be invariant under an infinitesimal transformation becomes 


dy(1 — 6?) + 5a3(a- 8) +a[35(a-G) +6(G- 58) (a-8)/(1—B*)} =0. 


(20) 


The required proof of the invariance under C, is now obtained by substitution of Eqs. (19a-19e) 
into Eq. (20), taken together with Eq. (6) itself. The details of the reduction will be left to the reader. 


APPENDIX B 
It will be convenient to establish here the 
general integral of Eq. (6) for the sake of later 
reference. Equation (6) can be written in the 
form 


(d/dr)(a/(1 —6*)!}=0, (21) 
of which we have the first integral 
a/(1—6*)'=e, (22) 


in which ¢ is a constant vector and |e| =e. 
By dot-multiplication with § we obtain the 
relation 


(a-§)/(1—6*)'=d(1— 6") 4/dr=e-8, 


and by a second differentiation we get the scalar 
equation 


(d?/dr*)(1—6*) += e(1—6*)!, 
which has the general solution 
1—@=k,/[ke(r—r1 +k)? +e], 


k, and ke being integration constants. 
On inserting Eq. (23) into Eq. (22) the inte- 
gration for the velocity vector leads to the result 


B(r) =Bite(k,'/e) (dy/dr) 


(23) 





with 


¥(r) =((r—Ti +k)? +e/ki? } 
— kiko(r— 71) /(kvk?+e)'. 


A final integration gives the formula for the 
trajectory 


r(r) =114+61(7 —71) 
+e(ki'/e)[y(r) = (kPke+e)!/k, |, 


r, and §, being the displacement and velocity 
vectors of the particle at the initial instant 7;. 

The constants of integration can be expressed 
as 


(24) 


k= (81-2)? +e(1 —B,*), 
ko = (61-8) /ki(1 —8;*)!. 


It will be convenient also to give the reduction 
of this equation for the case of 1-dimensional 
motion, say along the x-axis 


[x—x1+(1—B:*)+/eP 
—[(r—m+8i(1—B:*)4/e P =1/e. 


It is readily verified that in the limit c> 
these results degenerate into those for the 
uniformly accelerated motion of a particle in 
Newtonian mechanics. 


(25) 


(26) 
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¢ Ore Editor regrets that because of difficulties in maintaining printing schedules it has 
been necessary to omit the Letters to the Editor section from this issue. Letters which 
were scheduled for this issue will appear in the issue of August 1. 

In order that the Physical Review may be brought out on time it is unfortunately neces- 
sary to push back the closing date for Letters to the Editor. In the future, manuscripts for 
this section must reach the Editor's office five weeks prior to the date of the issue in which 
they are to appear. 





Proceedings of the American Physical Society 


MINUTES OF THE 1947 SPRING MEETING OF THE OHIO SECTION 


f hen Ohio Section of the American Physical Society held its spring meeting 
at Marietta on Saturday, May 3, 1947. The regrettable coincidence with 
the Washington meeting of the Society was endured for the sake of cooperation 
with the Ohio Academy of Science, this being a joint meeting of the Section 
with Section F of that Academy. 

At the Business Meeting, R. S. Shankland was elected Chairman, P. B. 
Taylor Vice Chairman, and Leon E. Smith was re-elected Secretary-Treasurer. 

The programme of scientific papers is appended. 

Leon E. Smitu, Secretary-Treasurer 


1. Laboratory exercise and thesis possibilities using standard fluorescent lamps. R. N. 
THAYER, General Electric Company, Cleveland. 
2. Isochronization of simple and physical pendulums. Epwarp Deeps, Denison University. 
3. A simple proof of the existence of minimum deviation of a prism. RoBERT SEALL, Denison 
University. 
4. Glass and physics in Scandinavia. Ropert B. TayvLor, Owens- Corning Fiberglas Company, 
Newark, Ohio. 
5. Proposed additions to the list of standard algebraic operations. R. L. Epwarps, Miami 
University. 
6. An experiment in acoustical resonance. RALPH ATHERTON, Miami University. 
7. Business Meeting. 
8. Rheological concepts in industry. RupotpH N. GrRIESHEIMER, The Mead Corporation, 
Chillicothe. 
9. Instrumentation in the paper industry. Louis B. YounGc, The Mead Corporation, Chilli- 
cothe. 
10. Metallic rectifiers, a review. Ropert E. SHEARER, Union Switch and Signal. 
11, Secondary recovery in the oil industry. C.C. HoGc, Marietta College. 
12. Miniature demonstration for the Physics Museum. T. D. Puittips, Marietta College. 
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Proceedings of the American Physical Society 


MINUTES OF THE MEETING AT WASHINGTON, May 1-2-3, 1947 


N Thursday, Friday and Saturday, May 

first, second and third, 1947, the American 
Physical Society after an interim of six years 
resumed its agreeable pre-war tradition of hold- 
ing its spring meeting at Washington. There were 
1311 registrants, and it is estimated that not 
fewer than two hundred of those attending the 
sessions omitted to register: this meeting (the 
278th of our history) was accordingly the largest 
by far which we have ever held by ourselves, 
rivalling the recent January meetings in New 
York at which the attendance had been partly 
contributed by the American Association of 
Physics Teachers. But for the great and generous 
hospitality of George Washington University, 
which afforded us the use of three auditoriums, 
this meeting could not have been held in Wash- 
ington. We owe a debt of gratitude to President 
Marvin of the University, to Professor T. B. 
Brown, the head of the Local Committee, and 
to the other members of this hard-working 
Committee for making the numerous arrange- 
ments. Sessions were also held in the building 
of the National Academy of Sciences, in the 
Auditorium of the Department of Interior 
(through the intercession of the Navy) and in 


the Auditorium of the Department of Commerce: 


(through the intercession of the American Me- 
teorological Society). Owing to local conditions, 
no dinner of the Society could be held. The Local 
Committee arranged for visits to the Naval 
Research Laboratory, the David Taylor Model 
Basin, the White Oak Station of the Naval 
Ordnance Laboratory, the Carnegie Institution 
for Terrestrial Magnetism and the National 
Bureau of Standards; all of these held open house 
on Friday afternoon, while some provided trans- 
portation to the respective laboratories and the 
Naval Research Laboratory provided luncheon. 
Our thanks are due to the directors and the 
staffs of all of these institutions. The weather 
was perfect. 

A joint session of our Society with the Ameri- 
can Meteorological Society, its programme ar- 
ranged by the officers of the latter, was held on 
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Thursday morning. Simultaneously there began 
a two-session programme on Low Temperature 
Physics, held under the sponsorship of the 
United States Navy, which provided us with 
an excellent auditorium and arranged for the 
attendance of many physicists working on rele- 
vant Navy Projects. Simultaneously also there 
began a two-session Symposium on Surface 
Phenomena, arranged by the Division of Elec- 
tron and Ion Optics. The Committee on Fluid 
Dynamics presented on Friday a Symposium on 
Shock-Wave Phenomena (its papers classified 
hereinafter under the letter NV) and a group of 
invited papers (their abstracts listed hereinafter 
under M). Two invited papers, by Kathleen 
Lonsdale and by S. A. Goudsmit, were given on 
Friday morning as part of the general programme 
of the Society. Twenty-two contributed papers 
elicited by the Committee on Fluid Dynamics are 
listed hereinafter under R and S, and one 
hundred and forty-three more appeared on the 
general programmes, bringing the total of ten- 
minute papers to one hundred and sixty-five— 
a total which surprisingly did not quite attain 
the figure of the latest pre-war Washington 
meetings. 

The Council, meeting on Friday afternoon, 
elected to Fellowship six candidates, and to 
Membership the unprecedented number of two 
hundred and sixty-nine candidates: their names 
are appended to these Minutes. 

The candidates for office in the Society, who 
were nominated by the membership at large or 
by the Nominating Committee or by both, and 
whose names will appear on the election-ballot 
before the 1947 Annual Meeting, are these: J. R. 
Oppenheimer for President; F. W. Loomis and 
I. I. Rabi for Vice President; R. D. Bennett, 
F. Seitz and L. A. Turner for Councillors; S. A. 
Goudsmit, J. A. Hipple, E. M. Purcell, V. F. 
Weisskopf and Clarence Zener for Members of 
the Board of Editors. 

The Society has lost through death J. Harry 
Clo and B. J. Thompson. 

Elected to Fellowship: W. W. Buechner, N. D. 
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Coggeshall, P. S. Gill, Shuichi Kusaka, Dan 
McLachlan, Jr., A. S. Langsdorf. 


Elected to Membership: R. Lee Aamodt, David E. Al- 
burger, Fritz Alder, Nelson Leigh Alpert, Joseph Alter, 
James LeRoy Anderson, William Johns Andrews, Niels 
Henrik Arley, Elizabeth J. Armstrong, Evert Aulin, 
Desmond Martin S. Bagguley, Dana K. Bailey, Walter 
R. G. Baker, Eva M. Balling, Gilbert A. Bartholomew, 
Paul L. Beem, Barbara Beir, Frederick J. Belinfante, 
John B. Bennet, Carl A. Benz, Richard B. Bernstein, 
David J. Besdin, Wendel S. Blanding, Alan Block, Baruch 
S. Blumberg, Robert F. Blunt, Robert M. Blunt, William 
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Kl. The Diffuse Scattering of X-Rays. KATHLEEN LONSDALE, Royal Institution, London. 
(45 min.) 

K2. Why Germany Did Not Get the Atomic Bomb. S. A. Goupsmit, Northwestern Uni- 
versity. (45 min.) 


Low Temperature Physics 
Invited Papers 


D1. Theoretical Foundations of Low-Temperature Physics. J. C. SLATER, Massachusetts 
Institute of Technology. (45 min.) 

D2. Some Theoretical Considerations about Einstein-Bose Degeneracy and Its Possible 
Connection with the Supra-Conductivity of Metal-Ammonia Solutions. Feitx BLocn, Stan- 
ford University. (45 min.) 


El. Properties of Helium II. J. G. Daunt, Ohio State University. (45 min.) 

E2. Supraconductivity. H. Grayson-SmitH, University of Toronto. (30 min.) 

E3. From Classical Statistics to Quantum Statistics in Germanium Semi-Conductors. 
VIVIAN JOHNSON AND Kart LarK-Horovitz, Purdue University. (30 min.) 


Programme of the Division of Electron and Ion Optics 


Symposium on the Physics of Surface Phenomena 


Fl. Electron Optical Aspects of Surface Problems. ALBertT Rose, RCA Laboratories. 
(40 min.) 

F2. Chemical Aspects of Surfaces. JoHN TuRKEVICH, Princeton University. (40 min.) 

F3. Crystallographic Non-Uniformity and Its Influence on the Thermionic Emission 
Properties of Clean Surfaces. WAYNE B. NotrINGHAM, Massachusetts Institute of Technology. 
(40 min.) 

F4. Surface States and Space Charge Layers in Semi-Conductors. JoHN BARDEEN, Bell 
Telephone Laboratories. (40 min.) 

FS. Mass Spectrographic Investigations of Solid Surfaces. LLoyp P. Smitn, Cornell Uni- 
versity. (40 min.) 

F6. External Photoelectric Effect at Semi-Conductor Surfaces. LERoy Apxer, E. Tart, 
AND J. Dickey, General Electric Research Laboratory. (30 min.) 

F7. Electrical Conductivity of Alkaline Earth Oxides. D. MacNair anp A. H. Wuite, 
Bell Telephone Laboratories. (30 min.) 

F8. Electrical Conductivity and Thermionic Emission of Oxide Coated Cathodes. N. B. 
Hannay, Bell Telephone Laboratories. (30 min.) 


Joint Session of the American Meteorological Society and the American Physical Society 


1. Terrestrial Influences in the Lunar and Solar Tidal Motions of the Air. O. R. WuLr, 
U. S. Weather Bureau, AND S. B. N1cHoLson, Mount Wilson Observatory. (20 min.) 

2. An Observed Relationship between Solar and Ionospheric Activity and Sea-Level 
Pressure. BERNHARD DUELL, Quartermaster Corps. (20 min.) 

3. The Composition of the Upper Atmosphere. J. KAPLAN, University of California at Los 
Angeles. (20 min.) 

4. Meteorology of the Atmosphere between 10 and 20 Kilometers. T. F. MALONE, Massa- 
chusetts Institute of Technology. 

5. A Comparison of the Monthly Average Pressure Patterns near the Base of the Strato- 
sphere (10 km) over the United States during the Year 1945 with the Patterns Seasonally 
Indicated. O. R. WuLF AND Mary W. Hopsce, U. S. Weather Bureau. (20 min.) 
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Contributed Papers 


Al. Composite Non-Keplerean Orbits. GERTRUDE 
SCHWARZMANN, New York City.—Interpretation of orbital 
motion as resultant of the revolutional motion and spin 
motion of satellites revolving about their nucleus while 
spinning about their spin axis allows of introducing a non- 
Euclidean physics of orbital motion and of differentiating 
motion of satellites spinning once per revolution (Mercurial 
motion), from that of satellites executing a greater integral 
number of spins per revolution (earthial motion). For 
earthial motion the total, and for Mercurial motion one- 
half of the total force of attraction between nucleus and 
satellite interacts with the revolutional component of the 
compounded orbital motion. Satellites subjected to differ- 
ent kinetics in their motion describe composite stationary 
orbits consisting of an earthial and a mercurial arc. The 
fact that the average value of the radius is the geometrical 
mean between its perihelion and aphelion values demon- 
strates the lemniscatical character of the extranuclear 
composite orbits. Adding these non-Keplerean stationary 
orbits to the Keplerean ones described by satellites sub- 
jected to the same kinetics throughout their motion 
reinstates Bohr’s original atomic model as planetary 
system. Beyond that the neutrons are interpretable as 
atoms consisting of central body and satellite, carrying 
opposite electric charges, the satellite revolving in a 
lemniscatical locus about its central body. 


A2. Integral and Rational Numbers in the Nuclear 
Domain. Enos E. WitMER, University of Pennsylvania.— 
The writer' has shown that the masses of stable nuclei in 
the ground state appear to be integral multiples of a 
natural unit of mass and energy, which he designated a 
prout (defined as the nuclear mass of O"* divided by 82012). 
This is in excellent agreement with the ten most accurate 
isotopic masses. A further study of isotopic masses and 
the most accurate reaction energies suggests that the 
masses of all nuclei in the ground state are an integral number 
of prouts. Obviously this cannot be true for all excited 
states of nuclei. There are, however, a surprising number of 
cases where the energies of y-rays emitted by nuclei are 
an integral number of prouts. The most accurate dis- 
integration energies of a-rays are very well represented by 
/q prouts, where g=4, 9, or 36 and # is integral. This is 
in accord with the writer’s idea‘ that all intrinsic nuclear 
quantities are integral (in the ground state) or rational 
multiples of a natural unit for that quantity. The pure 
number hc/e*, the nuclear magnetic moments, and the 
binding energy per particle in the nucleus in prouts are 
also considered. 


1E. E. Witmer, Proc. Nat. Acad. Sci. 32, 283 (1946). 


A3. The Vector Meson in Projective Relativity. BANESH 
HOFFMANN, Institute for Advanced Study (On leave from 
Queens College).—The projective relativity theory* has 
been regarded as a unitary four-dimensional theory of the 
gravitational and electromagnetic fields, the field equations 
being derived from 8 /B(-y)*dx'dx*dx*dx‘=0 (B the curva- 
ture scalar of yas=Gag/#, 2 =Goo, a projective scalar). 


If P is the curvature scalar of the basic metric Gag, P(G)t 
contains the gauge variable x°. The simplest gauge ip. 
variant variational principle involving P(G)}, 


6 { [P(G)1/4*Jdx'dxtdxtdx' =0, 


yields 15 equations falling into three affine sets. One set, 


00, Ah ) 

20% + K%9e 0( 6s a(- - -=) (1 
gives the vector meson field. Another combines additively 
the usual gravitational and vector meson stress-energy. 
momentum tensors. The third, 6*,,=0, is implicit in (1), 

* Veblen and Hoffmann, Phys. Rev. 36, 810 (1930). 


A4. Theory of Radioactivity in the Momentum Space, 
L. INFELD, University of Toronto.—In the theory of radio- 
activity we usually consider three zones in the configuration 
space: 1. (rg, ©), where the momentum is greater than 
zero. 2. (ro,7z), where the momentum is imaginary, 
3. (0, rg), where the coulomb field vanishes. The condition 
of smooth function-densities gives an approximate formula 
for the decaying constant. The procedure is involved be- 
cause the basis for a simple approximation procedure is 
missing. However, we can throw the problem from the 
configuration space into the momentum space. There, at 
least, for }=0 the equations are much simpler and they 
do admit a rigorous solution. Neglecting in such a solution 
the insignificant terms, we get, in the usual notation, 


A=4Ee*"80/R;  ypmerzZ/hv. 


The simple formula for the decay constant is essentially 
the same as in the configuration space, though instead a 
function of ro, the “‘radius of the nucleus” we have here fy, 
the “momentum radius of the nucleus.” 


AS. On the Restricted 5-Dimensional Treatment of 
Wave Theories. RicHarp W. Iskraut, University of 
Maryland.—F. Hund' showed how a 5-dimensional nota- 
tion simplifies the formal structure of matter wave theories 
with spin 0, 4, 1. The 5-dimensional ‘‘canonical” energy- 
momentum tensor of the spin 4 theory contains both the 
total current and the convection current.' Although the 
variation principle and the transformation properties of 
the wave functions automatically ensure a decomposition 
of the energy, momentum, and angular momentum densi- 
ties into orbital and spin components, no general current 
decomposition is known in 4 dimensions. Current decom- 
positions are, however, known for particular theories. 
Current decomposition should be possible, if orbital and 
spin magnetic and electric moments are related to orbital 
and spin angular momenta. Current and magnetic and 
electric moments can be decomposed if the Lagrange 
density is a 5-dimensional scalar. In particular, this method 
is applied to theories that satisfy a restrictive condition? 
The angular momentum tensor is related to the magnetic 
and electric moments tensor with appropriate gyromag- 
netic ratios. 


1F, Hund, Zeits. f. a 118, 426 (1941), 
2 Richard W. Iskraut, ts. f. Physik 119, 659 (1942). 
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A6. Elastic Coulomb Scattering of Electrons at Rela- 
tivistic Energies. W. McKINLEY anp H. Fesupacu, 
Massachusetts Institute of Technology.—Comparison of pre- 
dictions of the Dirac equation and experiments on the 
elastic scattering of electrons by nuclei has been hampered 
by the complexity of the theoretical results as they have 
been obtained by Mott. In this paper, the exact result for 
the cross section for coulomb scattering has been ex- 
panded in a power series in a=Z/137. The coefficients 
consist of combinations of infinite series involving the 
products of polygamma functions and Legendre poly- 
nomials. These series prove to converge for all scattering 
angles except zero and may be summed numerically by 
use of available tables. In this way, the numerical coeffi- 
cients through a‘ have been obtained for various scattering 
angles in the complete range 0° to 180°. These formulae 
replace the “Mott formula,” which gives an a* approxi- 
mation, and allow the ready and accurate calculation of 
cross sections for fast (1 Mev or higher) electrons for any 
element through those of middle weight. Combining these 
results with those of Bartlett and Watson for Hg permits 
the calculation of the cross section for all Z with an 
accuracy of a few percent. Results in the case of Al, Cu 
and Ag as scatterers will be presented and compared with 
the most recent experiments. 


A7. Coulomb Functions for Heavy Nuclei. Artuur A. 
BrovLes, Yale University,* AND JoHN L. POWELL, Uni- 
versity of Wisconsin.*—Coulomb functions for naturally 
radioactive nuclei are hard to compute by series in powers 
of the distance from the alpha particle to the residual 
nucleus. The method of steepest descents has been applied 
to the problem by Th. Sexl. The accuracy of the JBWK— 
like formulas of which the result has been examined in the 
work reported on—has been ascertained by means of 
unpublished formulas worked out by G. Breit. These 
arrange the calculation so that contour integration in the 
complex plane is used to evaluate the difference of the 
function and its steepest descents approximation. Exami- 
nation of representative cases shows that the JBWK 
method gives values of the irregular function G which are 
good within about two percent. The function G is useful 
in alpha-decay theory. 

* Assisted by Contract N6ori-97 of the ONR. 


A8. Effect of “‘f-Interaction” of Pais' on Symmetry of 
Nuclear Hamiltonian. Pau R. ZILSEL AND JouN S. BLAIR, 
Yale University,* AND JOHN L. POWELL, University of Wis- 
consin.*—The “‘f-field” would add —(2e*/r) -exp(—«r/ro) 
to the coulomb potential between two protons, where 
to=e?/mc? and 1/x must be about 2 to account for the 
mass difference between neutron and proton. The effect of 
this modification on proton-proton S-scattering has been 
investigated between 0.2 and 2.6 Mev and for 1 1/«< 3.5. 
The interaction potential which must be added to the 
coulombian and ‘“‘f-field’’ potentials is taken as a square 
well of width ro. It is found that the experimental de- 
pendence of phase shift on energy requires a velocity 
dependent well depth D. With 1/«=2, D=7.6 Mev for 
E=0.4 Mev, and D=8.9 Mev for E=2.0 Mev. With 
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1/x=3.5, for E=0.2 Mev the entire phase shift, but for 
E=2 Mev only } of the phase shift is accounted for by 
the ‘“f-interaction.” Thus introduction of the ‘‘f-inter- 
action” would destroy the symmetry between the specific 
nuclear proton-proton and proton-neutron 4S interactions. 


1A, Pais, Phys. Rev. 68, 227 (1945). 
* Assisted by Contract N6ori-97 of the ONR. 


A9. A General Basis for the Resonance Formula. L. 
EISENBUD AND E. P. WiGNER, Clinton Laboratories.—The 
solution of the Schroedinger equation, Hy= Eg within a 
region of configuration space bounded by a surface S, 
may be expressed in terms of its normal derivative, 9¢/dn 
on S, as 
yraXn 


f Xy*(8¢/an)dS= 2, (1) 


Xy 


=2 
er “Ne Ek 





where X, is a characteristic function of the hermitean 
boundary value problem HX),=E£),X) with the boundary 
condition 8X)/d8n=0 on S. Equation (1) defines y,. If the 
general solution of the Schroedinger equation in the region 
outside S is known, the relation between ¢ and 0¢/8n on S 
given by (1) is sufficient to determine those solutions which, 
together with the ¢ of (1), satisfy the quantum mechanical 
equations everywhere. When, in a limited region of energy, 
the series in (1) may be adequately expressed by a single 
term plus a constant, the resulting wave functions imply 
the dependence of cross section on energy which is given 
by the usual resonance formula for nuclear reactions. 


Al0. Theoretical Mesotron Production by Nuclear 
Bombardment. W. G. McMILLAN AND E. TELLER, Uni- 
versity of Chicago.—Mesotron production by nuclear bom- 
bardment with fast heavy particles was investigated theo- 
retically in a semiquantitative way to determine the ex- 
pected threshold energies, the cross sections, and their 
energy dependence. Whereas a treatment in which the 
target nucleons are assumed to be at rest predicts a requi- 
site incident energy of ~210 Mev, the present treatment, 
based on the Fermi degenerate gas model for heavy nuclei, 
finds the threshold incident energy as ~95 Mev. The 
threshold is somewhat higher for positive than for negative 
mesotrons. The cross section for single mesotron produc- 
tion, evaluated from the accessible volume in momentum 
space, varies with the fractional excess energy, ¢, as «* for 
negative mesotrons and as «*-5 for positive mesotrons in the 
scalar or axial-vector theories ; the difference arises from the 
necessity of giving the former a non-zero initial kinetic 
energy. For the pseudoscalar and the polar vector theories 
the matrix element for mesotron-emission is proportional to 
the momentum of the mesotron. In these cases the cross 
section varies with «* and e¢‘-* for negative and positive 
mesotrons respectively. The imperfections in the nuclear 
model used tend to make the estimated cross sections too 
low for small «. 


All. On the Interaction of Mesons with Nuclei. Vicror 
F. Weisskopr, Massachusetts Institute of Technology.—Ac- 
cording to current theories, a negative meson which finds 
itself in a bound orbit around a nucleus should be absorbed 








even by the lightest nuclei in a time much shorter than its 
natural lifetime. Recent experiments have shown, however, 
that they are absorbed in Fe, but not in C, although they 
find their way into a bound orbit in a negligibly small time. 
A possible explanation could perhaps be attempted with the 
assumption that mesons interact only as pairs with the 
nucleus. A negative meson would be absorbed only if, say, a 
neutral meson were emitted simultaneously. This type of 
interaction is found in theories using mesons of spin one- 
half of whose difficulties, though considerable, are not much 
worse than the ones occurring in current theories. In this 
case the energy difference of the absorbing nucleus and its 
isobar with one charge less is significant, which is 14.6 Mev 
in C but only 4.2 Mev in Fe. The mass difference between 
the negative and the neutral meson may be such that the 
absorption process can take place in Fe but not in C. If this 
explanation is true, negative mesons should be absorbed in 
N* and in B", 


Al2. An Attempt at a Statistical Theory of Space-Time. 
NATHAN RosEN, University of North Carolina.—Based on 
the recognition of the limitation on the measurement of 
space and time intervals associated with the existence of a 
fundamental length ro, an attempt is made to set up a 
geometry dealing with small regions instead of points. It is 
proposed to introduce two spaces, an “abstract” space 
consisting of points, and an “observable” space in which 
one deals with small neighborhoods correlated to the points 
of the former by means of a statistical distribution func- 
tion in the form of a product of Gaussian error functions, 
each depending on one coordinate. Such a function is not 
Lorentz invariant, but one can obtain Lorentz covariance 
in the observable space by applying the usual Lorentz 
transformation to the abstract space. One finds that from 
the usual equations for wave fields, taken to hold in the 
abstract space, one can obtain modified equations in the 
observable space, leading to the disappearance of the well- 
known high frequency divergences, so that one gets finite 
self-energy of the electron, and also singularity-free inter- 
actions between fundamental particles. 


Al3. A Generalization of General Relativity Theory. 
H. C. CorBen, Carnegie Institute of Technology.—We con- 
sider the effect of introducing into the general theory of 
relativity a metric hy =gy»+ fu» (€ constant) which is not 
symmetrical in the suffixes yu, v. Although this has no effect 
on the formula for the interval, terms involving ¢ appear in 
the processes of raising and lowering suffixes. Consistency 
requirements then yield 16 relations between the 32 
contravariant and covariant metric components, and be- 
cause of these the special relativistic values of the sym- 
metrical parts gy», g“” are no longer possible for non-zero e. 
In such a space A*B, # A,B" for Ay# IB,. If it be assumed 
as usual that the coefficients I’,,-" of the affine connection are 
symmetrical in », ¢ it follows that for the antisymmetrical 
part of the metric Iefy+Oufwt+%rfon=0. The geodesic 
equations are unchanged in form from the case e=0 when 
expressed in terms of the I,,.“, although as these latter are 
now modified, one obtains an additional term which is 
important for fyy~e. An asymmetrical tensor G,, may be 





156 AMERICAN PHYSICAL SOCIETY 


defined in terms of the coefficients I such that Gy. »=0 and 
the law of gravitation for empty space becomes generalized 
to Gyy=Niy. Since fy; vanishes identically, it is not 
possible to identify fy, with the electromagnetic field. Here 
it assumes the role of an extra field associated with grayj. 
tation. One does not see any a priori reason for it to vanish. 


Bl. Two Amplifiers for PbS Photo-Cells Used in Re. 
cording Infra-Red Spectra.* W. R. WILson, Northwestern 
University (introduced by W. S. Huxford).—The first circuit 
is a selective amplifying and rectifying system for 
the output of PbS photo-conductive cells.! The collimated 
beam to the spectrograph is modulated at 1000 c.p.s. by 
means of a slotted disk rotated by a synchronous motor, 
The half-intensity band width can be varied from 0.5 to 
about 100 c.p.s. A similar amplifier was recently designed 
for recording stellar spectra.* The second amplifier also 
employs a light chopper which, in addition to modulating 
the radiation entering the spectrograph, chops the light 
from a tungsten filament. This light falls upon a Cs-Ag-0 
photo-tube. The outputs of the PbS cell and photo-tube are 
separately amplified and combined in a balanced modulator 
circuit the output of which is proportional to the product of 
the two input potentials and the cosine of their phase angle. 
This angle is changed by shifting the tungsten source and 
photo-tube along the circumference of the slotted disk. This 
amplifier provides greater signal to noise ratios in cases 
where low scanning speeds can be employed. 

* This work was sponsored by the U. S. Navy, Bureau of Ships. 
1R. J. Cashman, J. Opt. Soc. Am. 36, 356A (1946). 


2G. P. Kuiper, W. R. Wilson, and R. J. Cashman, AAS Meeting, 
Boston, December 29, 1946. 


B2. The High Frequency-Excited Spectra of A, Kr, and 
Xe in the Near Infra-Red.* Donatp H. HALgE, North- 
western University.—A Steinheil grating spectrograph was 
used for automatic recording of emission lines from 0.7 to 
2.0 microns. The circuits used for amplifying the current 
from the PbS cell are discussed in the previous paper. The 
brightness of the sources was low, requiring the use of slit 
widths such that the half-width of the recorded lines was 
about 30A. Both electrodless and conventional types of 
discharge tubes were used. The tubes were filled to pres- 
sures ranging from 69 microns to 50 millimeters of mercury. 
Excitation frequencies from 15 X 10* to 40 X 10° c.p.s. were 
used.The spectra were found to be essentially the same as 
the spectra excited in the positive column of the d.c. arc. 
Several lines were found at wave-lengths greater than those 
now given in the literature. Kr, when contaminated with 10 
percent of N2, showed only the N: bands. Slides showing 
typical records of high frequency excited spectra will be 
shown and compared with the spectra excited by the d.c. 
arc and by repeated flashing. Limitations of the recording 
system will be discussed. 


* This work was sponsored by the U. S. Navy, Bureau of Ships. 


B3. Modulation of the Resonance Lines in a Cesium 
Arc.* J. M. Frank, W. S. Huxrorpb, AND W. R. WILSON, 
Northwestern University —The type CL-2 cesium lamps 
have been previously described.! They were developed for 
the Navy Department and used in optical communication 
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systems.? The power radiated in the two resonance lines at 
g521A and 8944A is approximately 22 percent of the 
electrical input power. The direct current through the arc 
js modulated by impressing an a.c. potential across the 
electrodes. The frequencies used ranged from 100 to 10* 
c.p.s. An infra-red filter is used and the radiation picked up 
by a Cs-Ag-O phototube multiplier. Current, potential and 
light waves were recorded on an oscilloscope screen. For 
this arc the resistive component of the a.c. impedance is 
always positive. The current lags the potential for fre- 
quencies below about 20,000 c.p.s., but leads it for higher 
frequencies. The light wave shows little distortion for cur- 
rent modulations up to 80 percent. The ratio of light to 
current modulation has a constant value of about .80 for 
frequencies below 1000 c.p.s. and varies inversely as the 
square root of the frequency between 10* and 10* c.p.s. 

* This work was sponsored by the U. S. Navy, Bureau of Ships. 


iN. C. Beese, J. Opt. Soc. Am. 36, 555-560 (1946). 
J, M. Fluke and N. E. Porter, Proc. I.R.E. 34, 876-883 (1946). 


B4. Precision Frequency Measurements of Microwave 
Absorption Lines and Their Fine Structure. W. E. Goop 
anp D. K. Cores, Westinghouse.—The absorption fre- 
quencies of N'*H; and N**H;' and several other gases have 
been measured with a precision of better than one part in a 
million. Harmonics from a 240 mc/s crystal-controlled 
oscillator are used to provide fixed frequency markers 0.008 
cm™ apart in the 1.25 cm region. A calibrated communica- 
tions receiver is used for interpolating between the fre- 
quency markers. When the frequencies of the ammonia 
lines are plotted against their rotational quantum numbers, 
pronounced deviations from a smooth curve are noted for 
lines corresponding to K = 3. We interpret these deviations 
as a K-type doubling for which only one component of the 
doublet exists. The magnitude of the Stark effect, Zeeman 
effect, and the hyperfine structure splittings may be 
accurately measured by the same or a slightly modified 
technique. 


1W. E. Good and D. K. Coles, Phys. Rev. 71, 383 (1947). 


BS. Stark and Zeeman Effects in Microwave Spec- 
troscopy. D. K. CoLes anp W. E. Goon, Westinghouse.— 
Microwave absorption lines are split into several com- 
ponents by an electric field. If the rotational state of the 
molecule is such that there exists a permanent dipole 
moment parallel to the electric field, the rotational level is 
split into 2/+1 components, whose separation is quite 
large and proportional to the electric field strength.' For 
linear molecules and those with their permanent dipole 
moment parallel to their axis of intermediate inertia, the 
first order Stark effect is zero. However, by using electric 
fields up to 2500 volts per cm the second order Stark effect 
can be made to furnish quite accurate measurements of 
electric dipole moment. Rotation of the molecule produces 
a magnetic field parallel to the axis of total angular mo- 
mentum. A magnetic field thus splits a rotational level into 
2J+1 components. For linear molecules, and for the 
inversion spectrum of ammonia, the simple Zeeman effect 
is observed, except that the doublet splitting is less than the 
Larmor precession frequency of a proton. In the case of 


ammonia the observed doublet separation depends slightly 
on the rotational quantum numbers.? For other molecules a 
complex Zeeman effect is observed. Nuclear electric 
quadrupole moments in the molecule radically modify the 
Stark and Zeeman effects. 


1P, Debye, Polar Molecules (Chemical Catalogue Company). 
2 E. U. Condon, Phys. Rev. 30, 781 (1927). 


B6. The Microwave Absorption Spectrum of Carbonyl 
Sulfide.* R. E. Hutcer, M. W. P. Srranpsere, T. 
WENTINK, AND R. L. Kyat, Massachusetts Institute of 
Technology.—The observation of the J=1-+2 line of the 
pure rotation spectrum of the linear O= C= S molecule has 
been previously reported.'* We have observed the J = 1-+2, 
3-4, 4-+5 lines of this spectrum at measured frequencies of 
24,325.9 megacycles/sec., 48,651.7 mc/sec., and 60,814.1 
mc/sec., respectively. These lines are for the common 
isotopes of the constituent atoms. In addition we have ob- 
served the J = 3-+4 transition for molecules containing the 
S* isotope at 47,462.3 mc/sec. If it is assumed that the 
interatomic spacings are the same for the various isotopic 
compositions, values of the interatomic spacings can be 
obtained. Our measurements give 1.1622A units for the 
carbon-oxygen distance and 1.5599A for the carbon-sulfur 
distance. The uncertainty in the value of & is the largest 
error in the calculations. The values giVen are intermediate 
between those for the J=3 and J=4 rotation states, but 
they are identical with the ground state values to the 
accuracy quoted. The centrifugal stretching of the molecule 
can be detected in the departure of the lines of the series 
from a strictly integral relationship. The best previous 
values of the atomic spacings from electron diffraction 
data* are 1.58+0.08A for the C to S and 1.13+0.05A for 
the C to O distances. 


* This work has been supported by the Joint Service Contract 
W-36-039 sc 32037 and by Navy Contras NS5-ori-78. 
1T. W. Dakin, W. E. 


(1946). Good, and D. K. Coles, Phys. Rev. 70, 560 
asa Townes, A. N. Holden, and F. R. Merritt, Phys. Rev. 71, 64 


*R. W. Dornte, J. Am. Chem, Soc. 55, 4126 (1933). 


B7. Hyperfine Structure in the Microwave Spectrum of 
Ammonia. RicHarp J. Watts AND DupDLEY WILLIAMs, 
Ohio State University.—Good' has reported the presence of a 
hyperfine structure accompanying the fine structure ab- 
sorption lines in the socalled “inversion spectrum"’ of 
ammonia. The existence of these satellite lines has been 
confirmed by numerous other investigators and has been 
explained by Van Vleck? and by Coles and Good? in terms 
of an interaction of the quadrupole moment of the N** 
nucleus with the electrical field of the other charges. In the 
present report, recent studies of the hyperfine structure will 
be described and the observed spacings and relative in- 
tensities of the satellite lines will be compared with 
theoretically predicted values for these quantities. 

iW. E. Good, Phys. Rev. 70, 213 (1946). 


. H. Van Vleck, et al., Phys. Rev. 70, 984 (1946). 
. K. Coles and W. E. Good, Phys. Rev. 70, 979 (1946). 


B8. Non-Degenerate Vibrations of Diacetylene, Di- 
methylacetylene, and Dimethyldiacetylene. ArNoLD G. 
MEISTER AND Forrest F. CLEVELAND,* Jilinois Institute 

















of Technology.—The nine non-degenerate frequencies of 
dimethyldiacetylene were calculated using force constants 
from diacetylene and dimethylacetylene. The calculation 
was made to check upon a previous tentative assignment of 
the Raman frequencies and to find whether for this mole- 
cule, as for diacetylene, the central C—C bond had an 
abnormally low force constant. The results indicated that a 
slight revision of the previous assignment was required and 
that the central C—C bond force coristant had the same 
value as in diacetylene, despite the fact that electron 
diffraction results for both of these molecules indicate an 
abnormally short bond, which should correspond to an 
abnormally large force constant. As a possible explanation 
of this unusual behavior, it is suggested that the very large 
concentration of negative charge in the region of the triple 
bonds may lead to repulsive forces which prevent the 
normal concentration of charge in the central C—C bond, 
thus yielding an abnormally small force constant. The 
short C—C bond distance may be explained by supposing 
that the very large concentration of charge in the triple 
bond regions leads to attractive forces between carbon 
atoms not immediately adjacent to each other. 


* Now at Lynchburg College, Lynchburg, Virginia. 


B9. Inter-Molecular Vibration Spectrum of Water. 
Ropert C. Jonnson, Roy C. WEIDLER, AND DUDLEY 
WiuiaMs, Ohio State University —The spectra of liquid 
H,0 and D,O have been studied in the region between 1.54 
and 24y. Silver chloride cell windows were utilized with 
NaCl and KBr prism spectrometers. Broad, intense ab- 
sorption bands with several apparent maxima were noted in 
the spectra of both materials at wave-lengths well beyond 
the bands produced by fundamental vibration frequencies 
of water vapor molecules. The observed absorption for 
H,O extends from 10u to 21y, while the corresponding 
absorption of D,O extends from 124 to 22. Possible 
explanations of the observed spectra will be discussed. 


B10. On the Dissociation Energy of CO. H. D. Hac- 
sTRUM, Bell Telephone Laboratories.—A reinterpretation of 
the evidences of predissociation in the spectrum of CO 
which brings agreement with D(CO) =9.6 ev from electron 
collision experiments‘ will be presented. Intensity weaken- 
ings or break-offs in the rotational structure of emission 
bands occur at levels 9.61 ev, 11.11 ev, and 11.58 ev above 
X '*. D(CO) =9.6 ev gives dissociation limits at 9.6 ev, 
10.86 ev, 11.58 ev, etc. Thus the effects in the spectrum at 
9.6 ev and 11.58 ev could be predissociations at dissociation 
limits. It is suggested that a’ *Z*+, which predissociates 
B'Z* and b *Z* at 11.11 ev and whose vibrational levels 
converge there, has a potential curve with maximum at this 
point. It is probable that the dissociation limit of a’ *Z* is at 
10.86 ev making the maximum 0.25 ev high. A linear 
limiting curve of dissociation placing the maximum at 2.9A 
or less can be drawn if one accepts only the most trust- 
worthy effects near 11.11 ev as predissociations. The posi- 
tion with respect to interpretation of the effects in the 
spectrum as true or accidental predissociations or as 
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perturbations appears to be no less tenable than that 
required by D(CO) =9.14 ev? or 11.11 ev.? 
1H. D. Hagstrum and J. T. Tate, ‘ane 59, 354 (1941), 


*G. Herzberg, Chem. Rev. 20, 145 (19. 
+A. G. Gaydon and W. G. Penney, Proc. Roy. Soc. A183, 374 (1945), 


Bll. Mass Spectrometer Analysis of C:H:, C,D., and 
C:,DH. Frep L. MOHLER AND VERNON H. DIBELgp, 
National Bureau of Standards.—The ions produced by 
ionizing C:H2, C:Dz, and mixtures containing varying 
amounts of C;DH have been studied with a Consolidated 
mass spectrometer. C;D: and mixtures were made by 
condensing water on calcium carbide which had previously 
been dehydrated by prolonged baking in vacuum at 500°C 
or 700°C. The C.D: contained about 2 percent C:DH. The 
C:DH pattern was found by approximations from the 


Peak Peak 
Ion Mass height Ton Mass height Ton 


C:H:+ 26 100 C:D:+ 28 100 C:DH*+ 27 10 
CH 2 20.5 C:D* 26 17.7 C:D* 260=C 2 
C:H* 25 6.4 
C,* 24 5.67 4.35 48 
CH* 13 5.54 cbt 14 7.05 CcD*t 14 2.1 
CH*t 13 18 
ct 12 2.48 2.43 27 


known C:D: and C;H; patterns using different mixtures, 
The ion currents per unit pressure for the parent peaks of 
the three molecules are equal within experimental uncer- 
tainty. The patterns obtained with ionization at 70 volts 
are shown in the table. The chance of removing H from 
C.DH is nearly twice the chance of removing D. 


B12. Ion-Content of Air Irradiated by Ultraviolet Light. 
G. R. Wart, Carnegie Institution of Washington.—Air at 
N.P.T. irradiated by ultraviolet light from a quartz mer- 
cury arc lamp was examined for number and mobility of 
various types of ions. Near lamp molecular ions (mobility 
similar to those produced by radioactive matter) and un- 
charged larger particles were found. At a distance numerous 
low mobility ions appeared. Low mobility ions were greatly 
reduced in number by application of sweeping field near 
lamp sufficient to remove molecular ions. Apparently 
molecular ions and uncharged particles were produced 
by the ultraviolet light near the lamp and the latter be- 
came low mobility ions by combining with molecular ions. 
The combining rate increased with time owing to gradual 
growth in size of the particles and at short distances from 
source few molecular ions exist. These findings permit a 
simple explanation of the low conductivity of air irradiated 
by ultraviolet light found by investigators. Tests prove 
that particles originate in the gas and not on nearby solids. 
Results are consistent with those obtained earlier by 
C. T. R. Wilson employing cloud-chamber technique. 
These experiments were undertaken because of bearing on 
occurrence of radio fadeouts coincident with solar flares, 
the results suggesting an explanation for them. 


B13. Transient Electrical Discharges: Disintegration of 
Fine Wires. A. M. ZAreM, F. R. MARSHALL AND F. L. 
Poor, Naval Ordnance Test Station.—The disintegration 
of short fine platinum wires when a 0.5 microfarad capaci- 
tor, charged to 5000 volts is discharged through them, has 
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been studied with a high speed oscillograph. The oscillo- 

ms of both current and voltage have a time resolution 
of 0.01 microsecond. Photographic records of the discharges 
were obtained simultaneously, using a camera equipped 
with a Kerr cell as an electro-optical shutter. An effective 
exposure time of 0.04 microsecond was used. It appears 
that the vaporization of the wire correlates with a voltage 
rise or spike the magnitude of which depends upon factors 
not yet investigated. The peak of the current (approxi- 
mately 4000 amperes) comes long after the wire has been 
completely vaporized. It has also been found that the 
electrical energy in the discharge is nearly all expended in 
the first microsecond, although the discharge luminosity 
may persist several times as long. Much of this luminosity 
appears to arise from explosions occurring at both elec- 
trodes some tenths of a microsecond after the vaporization 
of the wire. 


B14. Remarks on the Spectra of Electroplated Elec- 
trodes. W. M. Capy, B. CAssEN AND L. BLITzER,* Naval 
Ordnance Test Station—Some unexpected effects have 
been observed in the spectrum of individual sparks. The 
circuit constants are 5 wf and 5000 v, and the resistance and 
inductance are as low as possible. The electrodes are 
copper, bare or plated with various thicknesses of silver. 
With bare copper or pure silver electrodes the spectrum 
from 2000A to 6000A is fairly well exposed. With the 
plated electrodes, the spectrum is predominantly that of 
silver even when the plating is less than 10-* cm thick. 
The Ag II spectrum is then heavily exposed; most of the 
lines are broadened and many have self-reversed cores; 
and a fairly intense continuum is emitted. These effects 
are the greatest when the plating is about 10~ cm thick. 


* Now at University of Arizona. 


Cl. The Impending Change in the Electrical Units. 
F. B. StitsBEE, National Bureau of Standards.—In pursu- 
ance of the decision of the International Committee on 
Weights and Measures, the values of the electrical units as 
certified by all national standardizing laboratories are to 
be revised, effective January 1, 1948, to bring them into 
the closest possible agreement with the units of the m.k.s. 
or “practical’’ system. The result of this change will be 
that a resistor formerly certified as having a resistance of 
1.00000 “international” ohm will be certified as having a 
resistance of 1.000495 absolute ohm. The corresponding 
factor for voltage is 1.00033 and hence those for power 
and for energy are 1.000165. In 1928 this step was recom- 
mended by an Advisory Committee on which the American 
Physical Society, AIEE and other interested organizations 
were represented. It was approved in principle in 1933 by 
the Eighth General Conference on Weights and Measures 
and was originally scheduled to go into effect January 1, 
1940. The outbreak of war delayed the execution of these 
plans until now. 


C2. The Radiation Patterns of Dielectric Rods —Experi- 
ment and Theory.* R. B. Watson anv C. W. Horton, 
University of Texas.—The Equivalence Principle discussed 
by S. A. Schelkunoff' is applied to the problem of the 





radiation pattern formed by a dielectric rod of finite 
length. In accordance with this principle, the dielectric 
rod is replaced by an equivalent surface distribution of 
electric and magnetic currents. Patterns are calculated for 
the specific case of a dielectric rod whose cross section is 
0.4” X0.25” and whose length varies from three to ten 
wave-lengths. Since the exact nature of the equivalent 
surface currents is not known, they have been approxi- 
mated on a reasonable basis. Experimental data are ob- 
tained for seven different polystyrene rods of rectangular 
cross section. Patterns are obtained by placing the rods 
in the open end of a standard x-band wave-guide and 
measuring the received energy in response to a plane wave, 
as a function of angle. The widths of the major lobes and 
the positions of the first two minor lobes are found to 
agree well with theory up to a rod length of five wave- 
lengths. The heights of the first minor lobes differ from 
theoretical values to a considerable degree, although of the 


same order of magnitude. ‘ 


* This work was done in the Defense Research Laboratory under the 
spcnecrellp of the Navy Department, Bureau of Ordnance, Contract 


1 B.S.T.J. 15, 93, 1936. 


C3. Response of Linear Resonant System to Excitation 
of a Frequency Varying Linearly with Time. GuUNNAR Hox, 
Wesleyan University.—The velocity of vibration or oscilla- 
tory current excited in a linear system by a mechanical or 
electrical source of a frequency that varies linearly with 
time is calculated by the method of Laplace transforms. 
The result is obtained in terms of Fresnel’s integrals of a 
complex variable. The character of the response, which is 
not explicitly obtained as a sum of transient and quasi- 
steady-state components, is for a simple resonant system 
determined by a single parameter, the logarithmic decre- 
ment divided by the square root of the rate of change of 
the frequency. When the source has a constant frequency 


’ but the frequency of resonance of the system is changed at 


a uniform rate, the solution is very similar. The treatment 
is extended to more complicated systems; the solution is 
then obtained as a sum of a number of components of the 
same kind as the solution for the simple circuit. The need 
for a solution of this problem arose in connection with 
design of an instrument to portray the resonance spectra 
of high-Q piezoelectric crystals, and the application has 
been reported to the Signal Corps, U. S. Army, under 
Contract W28-003 sc-1556. 


C4. Acceleration of Electrons by a Single Resonant 
Cavity. FRANK L. HEREFORD, JR., University of Virginia.— 
Electrons have been accelerated to energies of the order of 
.75 Mev by means of a single resonant cavity similar to 
that used by Bowen, Pulley, and Gooden.' Average currents 
as high as 17 microamperes were obtained in a collimated 
beam } inch in diameter. The cavity was operated at a 
wave-length of 75 cm, power being furnished by a Western 
Electric 7C22 twin triode oscillator. Tube power was 
supplied from a conventional pulse forming network. The 
pulse width was 4 microseconds, the repetition rate 60 
cycles per second, yielding a duty cycle of .00024. The 
cavity was of the reentrant type and can be considered as 
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two quarter wave concentric line resonators back to back. 
A tungsten filament was employed asa source, the electrons 
entering the region of acceleration at approximately zero 
velocity. In view of the duty cycle of .00024 the observed 
average current of 17 microamperes indicated a mean 
current during the pulse of 70 milliamperes. The energy 
spectrum was found to be remarkably narrow, of the order 
of 50 kev. 


1Bowen, Pulley, and Gooden, Nature 157, 840 (1946). 


Cs. A Simple Electrical Stimulator Producing the 
Several Clinically Useful Currents. C. B. Cospy, Medical 
College of Virginia.—A Wien bridge type oscillator, with 
variable resistance tuning, produces approximately sinus- 
oidal currents from 1 to 400 c.p.s. For square waves the 
coil of a “millisecond” relay is actuated by the oscillator, 
adjustment of the primary voltage giving some pulse width 
control, while the contact direct current voltage may be 
adjusted independently. For chronaxie determination of 
nerve-muscle, R-C condenser discharges give more precise 
control of pulse duration. A standard pulse at usual fre- 
quency simulates the “faradic” test current. 


C6. The High Frequency Response of Thermionic 
Diodes. Epwarp H. GamBLeE, Polytechnic Institute of 
Brooklyn.—From the basic relations of Maxwell and 
Newton concerning charged particles in electromagnetic 
fields a general theory is developed which determines the 
scalar potential, electric field, the trajectories of the 
electrons, and current density as functions of clock time 
and emission time. These physical quantities are found for 
both the planar and cylindrical diode. The form of the 
applied signal voltage is not specified; hence, the theory 
applies to large, small, and mixed signals. An integral 
equation approach is adopted for the solution of these 
problems. This approach appears to be a natural and 
consistent one. The equations for space-charge-limited and 
temperature-limited operation are found from the general 
relations when the correct simplifying assumptions are 
made. The desired physical quantities are found for each 
configuration for specific forms of applied signal voltage. 
The transient build-up of current in a planar diode upon 
the sudden application of an external voltage is also 
determined. For the case of a constant voltage the initial 
space charge flow corresponds to temperature-limited 
operation and the final steady state flow to space-charge- 
limited operation. There is a transition in time from one 
type of operation to the other. 


C7. A Microwave Secondary Electron Multiplier.* M. H. 
GREENBLATT AND P. H. MILLER, JR., University of Penn- 
syluania.—A secondary electron multiplier which uses 
3000 mc microwave power to accelerate the electrons has 
been built and operates. Essentially, the electrons are 
accelerated between two flat plates by the microwave 
field and the field strength is adjusted so that the transit 
time is one-half the period. Thus, any secondary electrons 
produced by the electrons striking one plate can produce 
more secondary electrons when they strike the other plate. 
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The electrons are finally drawn from the region between 
the plates by a collecting ring maintained at a positiye 
potential. The phase stability of electrons will be discussed, 
The striking feature of this multiplier is the short times 
involved. The time for one transit between plates is about 
1.7 X10-" sec. The fact that this multiplier works indicates, 
because of stability conditions, that at least some electrons 
are emitted in less than 5X 10-" sec. 
* This work was supported in part by Navy Contract NObs-34144, 


C8. A Fast Coincidence Circuit with Pulse Height 
Selection. P. R. BELL, S. DEBENEDETTI AND J. E. FRancis, 
JR., Clinton Laboratories.—The output signal of a linear 
amplifier may have a rise time of 1—2 X 10~7 second. There. 
fore, the output of a pulse height selector operating on 
this signal has a variation of delay from the original signal 
of about this amount. Since this delay depends on the 
pulse height, the pulse height selector output is unsuitable 
for fast coincidence work. In the instrument to be de- 
scribed this difficulty is largely removed by feeding the 
amplifier signal into two separate channels: the first is a 
pulse height selector which produces a rectangular pulse 
(gate) longer than the amplifier signal when this signal 
height falls between two adjustable limits of voltage; the 
second channel limits, differentiates and delays the am- 
plifier signal so that it falls within the “gate” duration. 
The pulses from the two channels are fed to a coincidence 
circuit whose output reproduces the constantly delayed 
and sharpened amplifier pulse only when the gate pulse is 
present. This scheme has been employed to obtain simul- 
taneous or delayed coincidences between pulses (with a 
height falling between two specified limits) from one 
chamber, and pulses greater than a known height from a 
second counter. The resolving time is approximately 0.3 
microsecond. 


C9. A Coding Radiosonde of Rational Design. Norman 
Gisss, Reaction Motors, Le1icGH Gisps, Old Lyme, Con- 
necticut, AND E. W. P1Ke, McFarlan, Groth, and Pike.—Ina 
coding or Moltchanoff radiosonde, the meteorometric ele- 
ments move pickups across the surface of a rotating drum 
or disk on which code symbols, usually Morse letter groups, 
have been impressed. These symbols are sent out by 
radio, and can be received and interpreted with no ground 
equipment beyond a receiver. For aerial weather reports 
en route, or in inaccessible places, this is a great advantage. 
Because of the large amount of work which must be de- 
livered by the meteorometric elements, this sonde type 
poses especially severe mechanical problems; for this 
reason, it has been chosen to illustrate, in a model, the 
application of rational instrument design principles to this 
field. Features include a gravity motor with governor; a 
stabilized die-cast frame; a lacquer-covered steel coding 
disk ;! sealed contact-breaking pick-ups ;? kinematic design 
of all linkages; a thermometer insensitive to solar radia- 
tion; low cost mass production. Development further de- 
pends on opportunities for flight testing. 


1 The idea of cutting the symbols as vertical audio modulation ona 
phonograph disk is due to J. M. Brady. ~~ — 
Ra - 7 of contact-breaking vibration pick-ups is due to H. D. 
railsford. 
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C10. Tracer Micrography. L. Marton, National Bureau 
of Standards, AND P. H. ABELSON, Carnegie Institution of 
Washington.—The widely used method of radio autog- 
raphy, consisting of bringing a sample, containing a radio- 
active element, in close contact with a photographic 
emulsion, has a limited resolving power. To improve the 
resolution of this very important method in biology, 
metallurgy, etc., electron optical image formation has been 
used. The first experiments were carried out with mono- 
energetic electron emitters and with a magnetic focusing 
of the image. For the first tests, Gallium 67 has been used. 
At an initial magnification of 2X exposure times of the 
order of 2 to 6 hours have been applied. Preliminary results 
indicate a resolving power of at least 50 microns or better. 
Further experiments involving the use of after acceleration 
for the purpose of reduction of aberration and increase of 
jntensity are in progress. 


Cll. Calculation of XR for a High Energy Particle from 
Its Deflection in a Uniform Electrostatic Field. F. T. 
Rocers, JR., University of North Carolina.—The non- 
radiative relativistic equations (Lagrangian) for a high 
energy particle moving through uniform electrostatic field 
X, indicate A = y/(1—*)* to be a constant of the motion 
and yx”’—Xe/moA =0; here x is parallel to and y per- 
pendicular to X, and the path lies in xy. Eliminating time, 
the path-equation is 


x”[1+A%™1+2x")/A}-}—Xe/moA*=0, (1) 


which is relatively intractable. Using y=constant in the 
above yx”’-equation however, yields the first approximate 
result,' 


XR=2=XD*/2s or XD/a, (2) 


where D is the y-extent of X and s and a are the linear and 
angular deflections along X ; this approximation represents 
the particle’s mass as constant at mo/(1—£*)*, so that its 
path is parabolic in X. 


1See Phys. Rev. 57, 379 (1940) for the definition of XR as mv*/e. 


E4. A Simon-Type Helium Liquefier with Provision for 
Withdrawing the Liquid. R. B. Scorr anp J. W. Cook, 
National Bureau of Standards. (Introduced by F. G. Brick- 
wedde.)—A Simon-type helium liquefier equipped with a 
high pressure, vacuum-enclosed siphon is described. This 
siphon not only permits the withdrawal of the liquid 
helium into a separate external cryostat, but, by allowing 
the expansion to take place through the siphon, the cold 
gaseous helium preceding liquefaction is utilized to pre- 
cool the siphon and cryostat before the liquid is transferred. 
This minimizes the loss of liquid helium during transfer. 
The exit end of the siphon is fitted with a valve consisting 
of a screw which presses a }-inch steel ball against a 
phosphor-bronze seat. The valve makes a tight seal against 
a pressure of 140 atmospheres, yet is easily opened and 
regulated at a low temperature. The volume of the high- 
pressure helium reservoir is 400 ml. In a test 225 ml of 
liquid helium were delivered into the external cryostat 
which was immersed in liquid hydrogen. The rate of 
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evaporation of the helium from the cryostat was about 6 ml 
per hour. 


ES. A New Liquid Helium Cryostat.* J. G. DAUNT AND 
H. L. Jounston, Ohio State University.—A small combined 
helium liquefier and cryostat has been constructed in the 
Cryogenic Laboratory at the Ohio State University. The 
liquefier is based on a design developed in 1938 in the 
Clarendon Laboratory, Oxford,’ and uses the Joule- 
Thomson expansion method of liquefaction. Liquefaction 
at a rate of approximately 6 cc per minute occurs at the 
needle valve which is controllable from the top of the 
apparatus. The heat leak down the valve stem, exchanger, 
etc., corresponds to a loss of about 0.4 cc per minute. If the 
cryostat vessel were attached near the valve, this loss 
would be serious and in a previous design* was obviated by 
omitting the desirable control of the valve. In the present 
design the helium on liquefying falls into a glass vessel of 
250 cc capacity mounted well below the valve and, once 
the liquid is collected, the subsequent rate of evaporation 
is only 3 cc per hour. The glass construction also allows 
one to view the helium in the cryostat. The whole liquefier 
and cryostat fits into a Dewar vessel 4 inches i.d. by 30 
inches long. 


4 Daunt and K. Mendelssohn (to be peat. 
: Ruhemann, Zeits. f. Physik 65, 67 (1930) 
* Work done under Navy contract N6ori-225. 


E6. Radio Frequency Detection by Superconductivity. 
DonaLD H. ANDREWS AND CHEsTER W. CLARK, Johns 
Hopkins University.*—When the output of a radio fre- 
quency oscillator modulated at 400 cycles is connected 
across the ends of a strip of CbN, such as is used in the 
superconducting bolometer, it is found that a detection 
effect occurs. Using the same circuit as described in con- 
nection with bolometer studies, we observed the following: 
(1) No detection at temperatures above the supercon- 
ducting transition. (2) With zero d.c. current passing 
through the bolometer, two zones of detection, one lying 
at the center of the transition and having a half-width of 
0.04°; the other with one-third the intensity of detection, 
lying 0.2° below. The half-width of the transition was 
0.04°. When increasing d.c. current was passed through the 
strip, band intensities shifted and new bands appeared at 
lower temperatures. A current of 5 ma gave 5 bands, 
lying in a range extending down about one degree below 
the transition. The position of the first band on the tem- 
perature scale was independent of radio frequency; but 
with increasing current it dropped several hundredths of a 
degree, and also varied in intensity, reaching a maximum 
at 0.5 milliamp. Intensity of detection varied'widely with 
radiofrequency, showing 6 maxima in the range 0.1 to 


30 megacycles. 
This research was carried out under a basic research contract with 
os Physics Division. Office of Naval Research, United States Navy. 


E7. Phase Transition in the Hydrogen Halides. L. 
Tisza, Massachusetts Institute of Technology.—The well- 
known transition points of HCI (99°K), HBr (89°, 113°, 
117°K) and HI (70°, 126°K) have been alternately in- 


terpreted either as transitions from hindered to free 
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molecular rotation, or as transitions between ordered and 
disordered arrays of dipoles. Neither of these attempts has 
accounted for the fact that more than one transition point 
appears for HBr and HI. We conclude that in the lowest 
modification (III), the dipoles are arranged in an ordered 
(probably non-polarized) array. The lowest transition 
point (III-II) marks the breakdown of the ordered struc- 
ture of the dipoles; the axes of the spheroidal molecules 
remain parallel to each other, although they can point in 
either of two directions. The transition II-I is connected 
with the disappearance of this tendency of parallelism, 
the individual molecular orientation becoming isotropic. 
The shift of the transition temperatures from one com- 
pound to another is in good agreement with these assump- 
tions, since the Van der Waals forces (responsible for the 
I-II transition) increase with the molecular weight, while 
the dipole moments and hence the II-III transition tem- 
peratures show the opposite trend. For HCI the two transi- 
tions merge and phase III goes directly into I. For HBr, 
on the contrary, an extra transition occurs within phase II, 
a possible interpretation of which will be discussed. 


E8. The de Haas-van Alphen Effect in a Single Crystal 
of Zinc. JuLes A. Marcus, Yale University.*—The dia- 
magnetic susceptibility of a zinc single crystal has been 
measured from 20°K to 373°K in fields ranging from 4.5 
to 10.5 kilogauss. At 20°K the susceptibility parallel to 
the hexagonal axis, x,,, shows a marked field dependence 
similar to that found by de Haas and van Alphen! for the 
susceptibility of bismuth perpendicular to the trigonal axis. 
Maxima of x,, occur at approximately 5.5 and 9.5 kilo- 


gauss and a minimum occurs at 7.2 kilogauss. There are 
indications of this field dependence at temperatures as, 
high as 64°K. The effect occurs at lower fields and higher 
temperatures than the anomalous field dependence of 
resistance reported by Nachimovich.? This latter anomaly 
suggested the present investigation. At a constant field of 
8.25 kilogauss the variation of x,, with temperature shows 
maxima at approximately 40°K and 100°K and minima at 
64°K and 180°K. The susceptibility perpendicular to the 
hexagonal axis is independent of the field strength for the 
range of fields investigated and is temperature independent 
from 20°K to 100°K decreasing almost linearly in numerical 
value from 100°K to 373°K. 


* Assisted by the office of Naval Research under Contract N6ori-44 
us oan, Haas and van Alphen, Comm. Phys. Lab. Leiden, No. 212a 
2N. M. Nachimovich, J. Phys. 6, 111 (1941). 


G1. Cyclotron Bombardment of Gaseous Targets. P. W. 
DAVISON AND E, C. PoLiarp, Yale University.*—A bom- 
bardment chamber for studying d-p and a-p reactions with 
gaseous targets is described. Such a bombardment tech- 
nique has the great advantage that the target thickness 
can be varied at will. The beam enters through a 1.9 cm 
aluminum foil sealed in with a rubber gasket. The position 
of the exit port for the protons produced in the bombard- 
ment is arranged so that no protons can enter the counter 
unless they are produced in the gas. A rotating foil changer, 
operating through a Wilson seal, permits the introduction 
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of absorbers in the path of the beam. These, together with 
the variation of gas pressure allow a continuously variable 
bombarding energy to be used. Nuclear energy change 
values for N“(dp) N* of 8.65 and 3.26 Mev are obtained, 
in good agreement with previous workers. The bombard. 
ment of oxygen gives a weak group at a Q-value of 3.97 
Mev, a stronger group at 1.63 Mev and a new group of 
great intensity at 14.3 cm range giving a nuclear energy 
change value of 0.30 Mev. This new group corresponds tp 
a second excited state in O'". The levels of excitation are 
therefore at 1.44 and 2.77 Mev. 


* Assisted by the office of Naval Research under contract N6ori-44, ° 


Task Order 5 


G2. Proton-Gamma Coincidence Counting. Bruce B, 
Benson, Yale University.*—Proton groups observed jn 
(d, p) and (a, ») reactions are usually ascribed to excited 
states of the product nucleus. The observation of coinc- 
dences between these groups and gamma-rays is therefore 
important. A technique for observation of proton-gamma 
coincidences with proportional counters has been de 
veloped. To make the number of “true” coincidences large, 
while minimizing the ratio of “random” to “true”’ coine- 
dences, one must use a fast coincidence circuit and counters, 
a small beam, good shielding of the gamma counters, and 
large solid angles and counter efficiencies. A zero degree 
bombardment chamber designed to give large solid angles, 
a large proton counter, and two lead-shielded gamma 
counters are used. Proton energies are measured by alumi- 
num foils and gamma-ray energies by lead absorbers. Pulses 
from each counter are separately amplified and fed intoa 
blocking-oscillator coincidence circuit of high resolution. 
Both protons and proton-gamma coincidences are recorded. 
A proton absorption curve from the Al?"(a, p)Si® reaction 
agrees essentially with previous results. Proton-gamma 
data indicate that some groups show less coincidences per 
proton than others. One such group appears to be knock-on 
protons from occluded hydrogen. Another is the transition 
to the ground state. 


* Assisted by the Office of Naval Research under contract N6Ori-4. 


G3. High Energy Photo-Disintegration of the Deuteron. 
M. E. Rose AND G. GOERTZEL, Clinton Laboratories.—Asan 
exploratory investigation of high energy nuclear phe 
nomena, the disintegration of the deuteron by 7-rays in the 
50 to 250 Mev range has been considered. The calculations 
take into account the retardation and the finite range of the 
nuclear forces, but neglect the forces between nucleons in 
the final state (because of the large kinetic energies given to 
the particles), effects of tensor forces in the ground state, 
and relativistic refinements. These assumptions restrict the 
validity of the investigation to the energy range indicated. 
The retardation and the higher order multipoles sharply 
enhance the decrease of cross section with photon energy. 
The cross section is 3.7 10-** cm* at 50 Mev, decreases 
approximately as Ey~‘ up to about 150 Mev, and con- 
siderably more slowly thereafter. In contrast to low energy 


disintegrations, the angular distributions exhibit a strong ~ 


peak for forward moving protons, even in the zero 
momentum reference frame. Superimposed on this peak are 
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the characteristic interference extrema, for which the con- 
sideration of the finite range of nuclear forces is essential. 
The angular distribution is further modified by the spin 
transitions, which become relatively more important at 


high energies. 


G4. Photo-Neutrons Produced in D,O and Beryllium 
by Fission Product Gamma-Rays. W. D. B. Spatz, D. J. 
Hucues, AND A. CAHN, Argonne National Laboratory.— 
The production of photo-neutrons in deuterium and 
beryllium by the gamma-rays emitted by fission products of 
U™* has been studied. The U™* sample was shot from a 
position near the chain-reacting pile to a tube which was 
surrounded by a cylinder of deuterium or beryllium, 
located in a large block of paraffin. The neutron energies 
were determined by standardization of the geometry with 
neutron sources of known energy. The intensity of photo- 
neutrons relative to delayed neutrons could be obtained; 
for deuterium the ratio is 0.28. Separation of photo-neutron 
from delayed neutron periods of the same order of magni- 
tude is difficult. As a result the high energy short period 
gamma-rays were measured directly by obtaining absorp- 
tion coefficients for each period in iron and lead, and the 
effect of the gamma-rays producing photo-neutrons was 
calculated. The gamma energies calculated from the meas- 
ured neutron energies are in good agreement with those 
measured directly. Also the photo-neutron intensities calcu- 
lated from the gamma intensities are in approximate 
agreement with the observed intensities. With a beryllium 
cylinder a large number of photo-neutron periods was 
observed, and the decay curve could not be broken down 
into discrete periods. 


G5. Disintegration of the Deuteron in Flight. S. M. 
DancorF, University of Illinois.—As pointed out by 
Oppenheimer* deuterons of sufficiently high energy can be 
disintegrated by collision with nuclei in their paths. This 
phenomenon is of particular interest for the deuterons 
accelerated in the Berkeley 200-Mev cyclotron. If the 
trajectory of the deuteron is such that no direct nuclear 
collision takes place, the disintegration may still be ac- 
complished through the long range electric forces. The cross 
section for this process proves to be 2X 10-*°Z? cm?, where Z 
is the atomic number of the bombarded element. Large 
yields may be expected in typical cases. The two ejected 
particles do not share the energy equally; neutrons of 75 
Mev to 125 Mev may be expected. They emerge in a fairly 
well collimated beam whose half width at half maximum is 
about 4°. Actually the above process proves to be quanti- 
tatively less important than the disintegration involving a 
direct nuclear collision, in which one of the two particles 
escapes. The cross section is about (xap/2) where a is the 
radius of the bombarded nucleus and p is the average 
neutron-proton separation. A detailed discussion of this 
process will be given by Serber. 


*J. R. Oppenheimer, Phys. Rev. 47, 845 (1935). 


G6. A Study of the Break-up of Li*.* T. W. Bonner, 
J. E. Evans, C. W. Maticu, AnD J. R. Risser, Rice Insti- 





tute.—The break-up of Li* has been studied in a helium 
filled cloud chamber. The Li* was introduced to the gas of 
the cloud chamber by allowing Li* atoms to recoil through a 
thin window. Two alpha-particles with very nearly the 
same energy were observed in each disintegration. The 
energy distribution curve of these alpha-particles shows a 
group with an energy of 1.65 Mev. The half-width of this 
group of particles is 0.9 Mev. This alpha-particle group 
corresponds to an excited level in Be*® at 3.3 Mev which has 
a half-width of 1.8 Mev. 


* This work has been supported by Office of Naval Research (Con- 
tract N6onr-224). 


G7. New Radio Isotope of Tantalum Produced by 
Slow Neutron Irradiation.t| Leo Seren,* HERBERT N. 
FREIDLANDER,** AND SOLOMON TURKEL,*** University of 
Chicago.—A new radioactive period of tantalum was dis- 
covered by irradiating tantalum with thermal neutrons 
in the thermal column of the Argonne heavy water pile. The 
‘new period is 16.2+0.5 minutes and is produced in addition 
to the well known 117 day 13Ta™, The new 16.2-minute 
activity was shown to be a tantalum isotope because: 
(1) Very pure (99.9 percent) tantalum foil gave this activity 
when irradiated with only slow neutrons. (2) No other 
element gives a known 16.2-minute activity with slow 
neutrons, hence it is unlikely that the observed activity was 
due to an impurity. (3) Finally the element was confirmed 
as tantalum by chemical separations using a soluble salt, 
(NH,)2TaF;. That the 16.2-minute activity does not grow 
from the 117-day activity was shown by a very short 
irradiation (5 minutes) in which no growth of the 16.2- 
minute activity was observed. The atomic cross section for 
thermal neutrons for the 117-day activity (20.6 Barnes) is 
of the order 1000 times greater than that (0.034 Barnes) for 
the 16.2-minute activity.! These cross sections assume that 
both activities emit beta particles. The range of the 16.2- 
minute activity particles is ~50 mgm/cm? aluminum, and 
a gamma- or x-ray is also present. 

t Work was completed in July, 1944 and submitted for clearance 
August 1946. This document is based on work performed pater Con- 
tract No. ee for the Manhattan ect and the informa- 


tion covered therein will appear in Division of the Manhattan 
Project Technical Series as a contribution of the Argonne National 


Laboratory. 
* Now with General Electric Research Laboratory, Schenectady, 


New York. 
** Now at C ay bya of 
irplane Corpora 


** Now with breech . Nuclear 
Powered Aircraft Division, Poe oO. a sis, Oak Ridge, Tennessee. 

1 Refer to “Thermal Neutron Activation Cross-Sections”’ (to be 
published soon by the same authors). 


G8. X-Ray Emission from Radioactive Ce, Pd, and Ca. 
Davin E. MATTHEWS AND M. L. Poot, Ohio State Uni- 
versity.— Radioactive Ce of 140 days half-life obtained from 
La+d has been identified as due to Ce*, by photographing 
its emission Ka line which was found to be that of La. 
Radioactive Pd of 17.0 days was found from deuteron and 
from proton bombardment of Rh. The activity, followed 
for ten half-lives, was due solely to x-ray emission. The 
assignment is made to Pd™, The 54 minute Rh™ was also 
observed in the process of the Pd™ decay. No activity could 
be found attributable to the reported radioactive Ca“ after 
deuteron and proton bombardment of K, or after deuteron 
and neutron bombardment of Ca. Ca** shows a 152-day 




















































activity of 0.21 Mev beta-rays over six half-lives. An 
activity of 5.8 days, probably due to Ca*’, emits 1.1 Mev 
beta-rays and 1.3 Mev gamma-rays. 


G9. X-Ray Emission from Radioactive Tin, Antimony, 


and Tungsten. K. D. CoLeman, R. NUDENBERG, AND M.L. . 


Poo, Ohio State University.—A radioactive isotope of Sb 
decaying into Sn by K electron capture with a half-life of 39 
hours has been found. Identification was verified by 
photographing the Ke line with a Cauchois camera 
equipped with a mica crystal. An x-ray activity with a half- 
life of 2.4 hours was also found in the Sb fraction with 
evidence that it decays by K electron capture. Both periods 
have been obtained by Sn+d and Sn+p bombardments. 
No x-ray activity of a period longer than 39 hours has been 
found in the Sb. X-ray activity of the order of 110 days has 
been found in the Sn fraction of Sn+d. An Indium Kg line 
as well as a strong Sn line has been photographed from the 
Sn+d sample. X-rays were found in the 52-day Re period 
as well as 0.75 Mev gamma-rays. The gamma-ray reported 
in the 77-day beta-emitting W activity was not found. A 
0.69 Mev gamma-ray and a 1.1-Mev beta-ray are charac- 
teristic of the 24-hour W. 


G10. Decay-Scheme for Sb™. WaLTeER E. MEYERHOF 
AND GERTRUDE SCHARFF-GOLDHABER, University of Ilii- 
nois.—The beta-"? and gamma-rays*‘ emitted by Sb™ 
(60 d.) have been investigated with the help of Geiger- 
counter coincidences. Evidence is presented showing that 
the hard gamma-rays following the decay of Sb™, which 
were heretofore thought to be monokinetic, consist of two 
lines of nearly equal energy (1.7 Mev). We find that the 
hard beta-ray of 2.4 Mev is followed by one gamma-ray, 
while the soft beta-ray of .7 Mev is followed by two gamma- 
rays. No evidence for soft gamma-rays was obtained. The 
intensity ratio of the hard to the soft beta-rays is found to 
be about 1:1. 


1 E, B. Hales and E. B. Jordan, Phys. Rev. 64, 202 Gee). 


+o rg oe ©, YS erteen, Vive, Rav. 0, 968 te 946). 
asa. . Klaiber and G. Scharff-Goldhaber, Phys. Rev. 61, 733A 


4P. G. Kruger and W. E. Ogle, Phys. Rev. 67, 273 (1945). 

G11. Boron Absorption of Resonance Activation.* H. V. 
LICHTENBERGER, R. G. Nosies, G. D. Monk, H. 
KUBITSCHEK, AND S. M. Dancorr, The Argonne Laboratory. 
—The absorption of neutrons with energy above Cd cut-off 
by the following nuclei has been studied: Na™, Al*’, Cl*’, 
V#, Mn**, Cu*, Cb*. A beam of fast neutrons from the 
heavy water pile, whose flux had a (dE/E) spectrum, was 
permitted to fall on the target, and the activation measured. 
The beam was then filtered through increasing thicknesses 
of boron absorbers enriched in B'*. The resulting variation 
of activation with absorber thickness was analyzed. It was 
found possible in each case to separate the activation into 
(a) a component due to a (1/») cross section, (b) at least one 
component due to a discrete energy group, or resonance. By 
appropriate calibrations of the targets it is also possible to 
obtain the activation integral, edE/E, associated with (a) 
and with (b). A summary of the resonance energies and 
activation integrals (a) and (b) follows: 
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Na™ 1710 ev .265 -10-™ 0510 
an sai ao 
va 3370 3.04 

Mn® 261 14.31 8.16 
Cus 570 621 "299 
Cb" Uncertain .0349 0296 


G12. Positron Analysis of High Energy G 
Spectra.* R. H. VouGHT anD LEO SEREN, General Electric 
Research Laboratory.—The gamma-ray spectra of betatrons 
and synchrotrons can be determined in principle by ob. 
serving only the spectra of the positrons from pairs pro. 
duced in a radiator by the gamma-rays.' Assuming the 
validity of the Bethe-Heitler pair production theory,? the 
gamma-ray spectrum can be accurately determined from 
the derivative of the positron spectrum by a method of 
successive approximations. The differential cross section 
G(U, W) for production of positrons of energy U by 
photons of energy W, computed from the Bethe-Heitle 
theory, may be written as two terms: G(U, W) =G,(W) 
+G,(U, W). The G; term dependent on U is small and may 
be neglected in a first approximation. Then by simple 
differentiation a spectrum is obtained that has an error of 
less than 10 percent. Using the spectral function obtained 
in this first approximation, integrals are calculated which 
make corrections for the previously neglected G, functions, 
and the result is then accurate to 2 percent. This differ. 
ential method of analysis becomes less accurate at the end 
points of the spectrum, or at any sharp break in the 
spectrum, depending upon the size of interval into which 
the spectrum is divided for computing the G; functions. 

* We are pate to Miss Celesta Hibbert for performing the calcula- 
—- = this repo 


Baldwin, Phys. Rev. 71, 554 (1947). 
2 See Rossi and Greisen, Rev. Mod. Phys. 13, 258 (1941). 


G13. The Energy of Gamma-Rays Emitted during the 
Reaction F(p,a)0. J. A. PHILLIPS AND P. GERALD KRUGER, 
University of Illinois.—2160 steroscopic pictures of tracks 
in a 12” diameter cloud chamber, operated at 1.0 atmos- 
phere pressure and taken while CaF: was bombarded with 
5-Mev protons have shown 175+electron pairs and four 
triplets formed in the gas (air) in the cloud chamber. The 
chamber was positioned outside of the cyclotron shielding 
tanks and perpendicular to the direction of the incident 
proton beam. A uniform magnetic field of 1535 (+1 
percent) oersteds covered the active region of the cloud 
chamber. 40 of the pairs and three of the triplets satisfied 
the selective criteria and were measured. These measure 
ments indicate two strong gamma-ray lines of energy 6.18 
Mev and 6.71 Mev. There is some evidence for three 
weaker lines at 7.22 Mev, 5.83 Mev, and 5.44 Mev. The 
triplets fit with the gamma-ray energies of 5.44 and 6.71 
Mev. The theoretical ratio of triplet to pair production 
should be approximately 1/11 whereas the observed ratios 
1/28. This seems to be a significant difference though the 
statistics in these preliminary data are poor and more data 
will be taken to help decide this point. The data on the 
gamma-ray energies are in essential agreement with data 
taken in this laboratory in 1940 using the small cyclotron to 
bombard CaF; with 1.5-Mev protons. 
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Hil. Infra-Red Spectroscopy Beyond 15y. E. K. PLyer, 
National Bureau of Standards.—In the region between 20 
and 25 microns a considerable amount of stray radiation is 
found in most spectrometers. The use of various shutters 
does not give full correction. A reflection filter has been 
found to give good results and the stray radiation is reduced 
toa small percent in the region of 25y. The reflections from 
plates of LiF and CaF; have been found to be suitable for 
use in the region beyond 1Su. The LiF plate is effective 
from 16m to 25m and the CaF; plate from 20u to 25y. The 
LiF plate reflects about 3 percent of the incident radiation 
from 2 to 14. At.16p the reflection is high and remains of 
good value to 25pu. 

In order to utilize this.method, substitution of one of 
these crystal plates for the plane mirror in the source box of 
the spectrometer is the only change in the optical system 
required. Energy curves illustrating the use of LiF and 
CaF; in the spectrometer will be shown. A comparison of 
absorption measurements on a number of substances has 
been made with and without the filter. 


H2. Optical Absorption Bands in Alkali Halide Crystals.* 
Cc. C. Kiick** AnD R. J. Maurer, Carnegie Institute of 
Technology—A monochromator has been constructed, 
using a concave grating in a modified Eagle mounting. The 
grating, which has 7500 lines per inch and a focal length of 
2 meters, is cut to throw a large fraction of the diffracted 
energy into the first order. The performance of this instru- 
ment which is designed to cover the wave-length region 
from 2000 to 10,000A will be discussed briefly. The 
monochromator has been used in a study of the optical 
absorption bands which are produced in the alkali halides 
on exposure to x-rays. In addition to the well-known F 
band there is a second absorption band at longer wave- 
lengths, the M band.' Bleaching of the F band produces the 
Rbands lying between the F and M bands.? A suggestion of 
F. Seitz* concerning the origin of the M and R bands will be 
discussed in the light of their experimental behavior. 


*This work was ee et in part by a contract granted by the 
by 5 of Naval Researc aay epaat ment. 
ouse Research F 
Rh cr Zeits. f. Physik “0, “jos (1928). 
: . Molnar, unpublished work. 
. Seitz, Rev. Mod. Phys. 18, 384 (1946). 


H3. An Apparatus for the Observation of the Kerr 
Effect with Microsecond Electrical Pulses. Wi_puR Kaye 
AND RICHARD DEVANEY.—An apparatus for the observa- 
tion of the Kerr electro-optic effect in liquids and polymers 
using microsecond electrical pulses is presented and 
evaluated. This method offers a convenient way of studying 
internal motions and molecular configurations of polymeric 
material with a minimum of heating usually accompanying 
these observations. Electrical pulses of from 1 to 1000 
microseconds width, 60-1000 pps, at amplitudes up to 5000 
volts are generated by conventional methods. These pulses 
are used to orient low molecular weight and polymeric 
materials placed between the plates of a condenser. The 
circular polarization induced in the polarized light passing 
between the plates actuates a photomultiplier tube in order 
that the light pulses may be studied with an oscillograph. 
Curves of Kerr constant versus temperatureat temperatures 





to —80°C are compared with the literature. Oscillograms 
showing the response of several liquids and polymers are 
shown. Comparison of this method with dielectric absorp- 
tion methods is qualitatively in agreement with the 
Langevin-Born theory. Oscillograms showing an interesting 
difference between orientation and relaxation time are 
presented as are oscillograms showing clearly both orienta- 
tion and distortion polarization simultaneously. 


H4. Performance Characteristics of Long-Persistence 
Screens, Their Measurement and Control. R. E. Jounson 
AND A. E. Harpy.—A laboratory system for pulse exciting 
long-persistence cascade-type cathode-ray-tube screens to 
give reliable predictions of their performance in the field is 
briefly explained. A range of efficiencies of the screen 
components was measured under steady-state conditions in 
the conventional manner and compared with the per- 
formance of the components in cathode-ray tube screens 
under pulsed excitation. It is shown that the efficiency of 
the secondary-layer phosphor is a good indication if its 
performance but that the efficien¢y of the primary-layer 
(phosphorescent) phosphor bears no consistent relation to 
ultimate screen performance. Reference is made to a 
method of pulsed light excitation of the phosphor which 
does correlate with screen performance. The thickness of 
each phosphor layer and the bulb bake-out temperature 
employed in tube processing have been found to affect 
persistence characteristics appreciably. Average curves are 
presented to show the change in characteristics as the 
weight of each component is varied over the practical range 
and as baking temperature is increased. 


HS. The Efficiency of Cathodoluminescence as a Func- 
tion of Current Density.* S. Lasor, Radio Corporation of 
America.—The variation of efficiency (candles per watt) 
of luminescence during steady excitation by 10,000-volt 
cathode rays has been measured as a function of current 
density for settled aluminum-backed screens of each of 
two phosphors, (1) zinc-cadmium sulfide with silver ac- 
tivator (interstitial type’), and (2) zinc-silicate with manga- 
nese activator (substitutional type’). The range of current 
densities covered was from 10~ nA cm to 3 zA cm™. (The 
higher value of current density is about 10~ of the instan- 
taneous current density attainable in commercial high 
intensity cathode ray tubes.) In each case a small but 
apparently real variation of efficiency was found. The 
efficiency of the zinc-cadmium-sulfide phosphor increased 
to a value 60-percent greater at 3 zA cm™ than it was at 
10~* zA cm. The efficiency of the zinc-silicate phosphor, 
on the other hand, decreased to a value 20-percent less at 
3 wA cm™ than it was at 10~ wA cm™. 

* This work was carried out in pert ender contract number N6onr-236 
between the Navy Department, Office of Naval Research and the 

— ‘ropeetien of America, RCA Laboratories Division. 
Le “General tion: the Efficiency 


verenz, Correlations between 
Coasnetatbtin and Constitutions of ll Optical of 
America, Winter Meeting, February 21, 1947, New York, New Yor 


H6. Fluorescence of Cancerous and Non-Cancerous 
Lipoids. H. S. PENN AND JOSEPH KAPLAN, University of 
California.—This report is presented to the American 
Physical Society because of the importance of fluorescence 











spectrography in these studies. Most of the polynuclear 
aromatic hydrocarbons, both carcinogenic and non-carcino- 
genic, fluoresce in relatively high dilution, and produce 
bands in the region 4000-4400A. A previous report,' indi- 
cating that a lipoid fraction, or fractions, obtained from 
human cancerous tissues (livers), produce bands in about 
the same region of the spectrum as those produced by 
methylcholanthrene, was disputed by other investigators.* 
This communication points out a new method whereby 
the fraction sought for can be isolated repeatedly with 
uniform results. A detailed description of the procedure is 
given. It is also shown that the material in question con- 
sists chiefly of a saturated hydrocarbon, which is by its 
very nature, non-fluorescent, and that the fraction re- 
sponsible for the fluorescence and characteristic banded 
structure, is present in relatively small quantities as an 
“admixture.” For this reason, fluorescence induced by ra- 
diation from a quartz mercury lamp using a filter which 
transmits up to approximately 3800A, lends itself almost 
specifically for this work. Thus far this is the only means 
for the recognition of a substance giving bands similar to 
those produced by exogenous compounds. 


1H. S. Penn, Nature 149, 193 Guess). 
21. Hieger, Nature 149, 300 (1942) 


H7. Converter for Obtaining Microdensitometer Trac- 
ings in Which the Ordinates Are Proportionate to the 
Energy Values Received by the Photographic Pattern. 
J.C. M. BRENTANO, Northwestern University.—A converter 
is described for obtaining directly microdensitometer 
tracings in which the ordinates are proportionate to the 
exposures received by the corresponding area elements of 
the line pattern. The converter makes use of the method 
described in Journal of the Optical Society of America,* 
in which a correlation between the points of a pattern and 
a transparency /exposure curve is established by means of 
a stepped wedge. Two photoelectric cells and two galva- 
nometers are used in series. The photoelectric current from 
the cell which receives the scanning beam produces a 
galvanometer deflection by which a light beam reflected 
from its mirror is so modulated that its intensity is pro- 
portional to the exposure received by the area element of 
the photographic pattern. The two independent adjust- 
ments necessary for the operation of the method, which in 
the earlier development were provided by a projection at 
variable magnification, are obtained by varying the zero 
point of the first galvanometer and the gain of the first 
amplifier. 


*J. C. M. Brentano, J. Opt. Soc. Am. 35, 382 (1945). 


H8. New Basis for Photometric Units. E. C. Crirt- 
TENDEN, National Bureau of Standards.—Standards for 
practical measurement of light have hitherto’ been set up 
by various expedients, but no satisfactory general basis 
for them has been established until recently. In 1939 
international agreement was reached on the principles of a 
complete system of photometric units. The new system 
was to have been adopted on January 1, 1940, but this was 
prevented by the war. The International Committee on 
Weights and Measures has recommended that the new 
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system be introduced as of January 1, 1948. The National 


Bureau of Standards will consequently certify standards op 
the new basis after that date. 

The primary standard! in the new system is a black- 
radiator of which the temperature is controlled by freezing 
platinum. The magnitude of units of light similar in colo 
to that from this primary standard is fixed by assigning g 
value, 60 candles per cm*, for the brightness of the black 
body. The evaluation of light of other colors is accom. 
plished by suitable use of standard spectral luminosity 
factors? For the ordinary types of lamps the ratings 
assigned under the new system will not be materi 
different from those now in effect in the United States, 

oeser, Barbrow, and Caldwell, Bur. Stand. J. Research 6, 
1103 3 C931), RRP aD. 


K. S. Gibson and E. P. T. Tyndall, Sci. Pap. Bur. Stand. 19, 134 
(1923). S.P. 475. 


H9. Application of the I.C.I. Color System to the De- 
velopment of the All Sulfide Television White Screen, 
Austin E. Harpy, Radio Corporation of America.—In- 
creased emphasis on the whiteness of the post-war tele 
vision tube screen has demanded the use of an objective 
color specification system in the development of new 
phosphors and in the control of the finished tube. The 
I.C.I. color system adopted by the International Com- 
mission on Illumination in 1931! has been applied to this 
problem and in addition to providing accurate control of 
color, it has made possible the determination of desirable 
and undesirable color areas and has shown how to obtain 
any particular white with the greatest luminosity. Meas- 
urements of the relative efficiencies and spectral energy 
distribution of individual phosphors and phosphor mix- 
tures have been made in a demountable cathode-ray tube 
with an automatic recording spectroradiometer. Particular 
emphasis has been placed on the factors that are peculiar 
to the zinc sulfide and zinc cadmium sulfide phosphors. 


“Report of Commission Internationale de L’Eclairage,’’ Cambridge 
University Press, 1943. 


H10. The Basic Optical Formula. C. R. Fountain, 
Naval Research Laboratory.—The basic formula shown here 
is not new, but some of its applications to thick lenses and 
combinations have been greatly simplified. 


Mi, Me Mi-N: Na, Ns_M—Ns 
Q RR ' Ps Qe RB 


where P2= —Qi+7:2, Ps= —Q2+Ts, etc. T represents the 
thickness of the medium at the optical axis and R is the 
distance from the boundary to its center of curvature. This 
formula may be applied to all cases of lenses (thick or 
thin) arranged in any spacing along the optical axis. All 
distances are positive if measured in the direction the 
light travels. A simple scheme will be shown for making 
scale drawings to illustrate this method, but no drawings, 
principal points, principal planes or nodal points are 
needed to find the position of the image in any medium. 
The conditions for achromatic lenses can also be calculated. 


etc. 


H11. An Instrument for the Measurement of the Index 
of Refraction of Liquids in the Wave-Length Range, 
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200 my to 1000 my. JAMES L. LAvER AND P. H. MILLER, 
je, University of Pennsylvania.—Two thin and transparent 

disks, separated at the edges by a lead gasket 
usually 20u thick, so as to leave an air space between them, 
are rotated in the liquid about an axis perpendicular to 
the incident light beam and the critical angle is found by 
determining photoelectrically the two angular positions 
at which the intensity of the light that has passed through 
the plates, falls to zero. The parallel light of the high mono- 
chromaticity that is required here, is most conveniently 
obtained from a Beckman Spectrophotometer by putting 
an aluminized concave spherical mirror one focal length 
away from the exit slit, but slightly off axis so that a plane 
aluminized mirror near the slit can throw the collimated 
beam through the 5 ml capacity thermostated cell contain- 
ing the liquid. Temperature can be read to 0.01°C. To be 
able to employ the smallest slit widths possible photo- 
multiplier tubes are used. The accuracy in the index is 
+0.0002. The angles are measured by reflection of light 
from mirrors to 0.1 minute of arc. Results on water and a 
few hydrocarbons are shown. 


H12. The Visibility of Stars in Daytime. E.O. HULBuRT 
anp R. Tousey, Naval Research Laboratory.—The visibility 
of stars in the clear daytime sky, with the unaided eye and 
with telescopes, was determined by means of laboratory 
experiments and observation of stars from ground and air- 
craft. Simple theory indicated that the visual threshold 
illumination from a star was inversely proportional to the 
square of the magnification of the telescope for an exit 
pupil of the instrument larger than the eye pupil, and was 
independent of the magnification for an exit pupil smaller 
than the eye pupil. The measurements were in general 
agreement with the theory; however, they indicated no 
sharp break at the point where the exit pupil and eye 
pupil were equal. Thresholds for extrafoveal vision were 
also measured to obtain data concerning pickup probability 
of stars. Stars were observed from the ground and from 
aircraft at 10,000 feet approximately as predicted by 
laboratory experiment. The advantage obtained by the 
use of a polarizer was determined. Charts for calculating 
star visibilities through telescopes for a wide range of star 
and solar positions and observer altitudes were prepared 
with the aid of a previous investigation of sky brightness 
and polarization.' 


'1R. Tousey and E. O. Hulburt, J. Opt. Soc. Am. 37, 78 (1947). 


Ll. A Study of Electron Tracks in a Cloud Chamber. 
P. GERALD KRUGER AND LYLE W. Situ, University of 
Ilinois.—Earlier' it was reported that electron tracks, 
showing an apparent decrease in energy in opposite direc- 
tions along the track, had been observed. Six such tracks 
have been observed when copper was bombarded with 
10-Mev deuterons and four when tungsten was bombarded. 
The maximum observed energy along these tracks was 


2.19 = , 2.39 , 2.03 , 2.32 
2.15 Mev for copper and 3.40 , 3.00 , 3.40 
3.13 Mev for tungsten. 
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In an attempt to explain the origin of these tracks by some 
process other than that previously suggested the following 
studies were made. (1) With lead shielding removed so as 
to increase the gamma-ray intensity in the cloud chamber 
by a factor of ten, 900 pictures showed no increase in yield 
of the above type of tracks. (2) A study of the probability 
of chance coincidences forming such tracks showed that 
the observed yield was approximately 25 times larger than 
the probability of chance coincidences. (3) Small angle 
scattering was examined by taking pictures with no mag- 
netic field. 314 determinations on the deviation from 
straightness in 163 tracks showed no deviation from 
theory.2 The probability that the above 10 tracks could 
have been scattered to give their observed appearance 
varies from 10-” to 0.25, depending on the track. The gas 
in the cloud chamber was changed from air to hydrogen 
and 5000 pictures taken while copper was bombarded. 
Under these conditions no tracks having the above charac- 
teristics were observed. 


1 Kruger and Lyle Smith, Phys. Rev. 68, 104A (1945). 
* E. J. Williams, Phys. Rev. 59, 460 (1940). 


L2. The Average Gamma Energy Emitted per Beta 
Particle for Several Radioactive Isotopes. Epcar C. 
BARKER, Clinton Laboratories.—The total y-ray energy 
appearing with a nuclear disintegration can be measured 
by integration of all energy received from the y-ray or 
rays by an infinite homogeneous medium.’ Using an 
effectively infinite medium of aluminum and small ioniza- 
tion chambers to measure the number of ion pairs produced 
per second at various radii from the source, the average y 
energy emitted by the source per 8-particle is 


Q/B= 4nW, n-rdr 


where W is the average energy lost by the secondary 
electrons per ion pair formed in air, p is the ratio of the 
rate of loss of energy by the secondary electrons in the 
medium and in air, m, is the ionization per unit volume 
produced in a small air-filled cavity at a distance r from 
the source. The measurements required are of (1) ioniza- 
tion current, (2) volume of the ionization chamber, (3) 
source strength in terms of 8-particles per second, (4) cham- 
ber position. The average y energy per 8-particle is 4.17 
Mev for Na™, 0.366 Mev for Au" and 2.6 Mev for Ga™. 
1L. H. Gray, Proc. Roy. Soc. 159A, 263 (1937). 


L3. A Simple Demonstration of Resonance Scattering. 
A. S. LANGsporF, JR. AND W. ARNOLD,* Argonne National 
Laboratory.—These experiments demonstrate the coinci- 
dence of resonance scattering with the principal absorp- 
tion resonances of In, Ag, and Au. They were performed 
in September and October, 1944, following a suggestion 
made by Edward Teller. A collimated neutron beam from 
the Argonne heavy water pile was filtered by cadmium to 
remove thermal neutrons. Neutrons scattered at right 
angles by a foil placed at 45 degrees in the beam were 
detected by activation of a foil or by a BF; filled ion cham- 
ber and linear amplifier. A graphite scatterer was used as 
a standard non-resonant scatterer. Assuming its cross 




































section is 4.6 barns (cm*/atom X 10"), a simple comparison 
of activations gives apparent effective cross sections of 
the scatterers: (Ag scatterer—Ag detector) 140 barns, (In 
scat.—In det.) 120 barns, (Ag scat.—In det.) 14 barns, 
(In scat.—Ag det.) 60 barns, with rather large probable 
errors. The activations are those of 22 sec. Ag and 13 sec. 
In. The BF; chamber detector, using similar scatterers 
and resonant absorbers of Ag; Au, and In between scatterer 
and detector show resonant scattering in all three materials. 
Neither detectors nor scatterers are thin, so peak resonance 
scattering cross sections should be more than double the 
experimental values. 

* Institute for Nuclear Studies, University of Chicago, Chicago, 
Illinois. 


14. Resonance Scattering of Neutrons by Mn. F. G. 
P. Sem, S. P. HARRis, AND A. S. LANGsporrF, JR., Argonne 
National Laboratory.—Evidence has previously been ob- 
tained! that manganese has a strong neutron scattering 
resonance in the neighborhood of its absorption resonance 
at about 300 ev. We have again' demonstrated the large 
predominance of scattering over absorption by comparing 
“poor geometry” and “good geometry” transmission 
through a manganese foil. Moreover, using 0.024 g/cm? 
manganese detectors aligned 200 cm behind a 0.0030 
g/cm? scatterer consisting of MnSQO, dissolved in D,O, 
we have observed the transmission of a neutron beam from 
the heavy water pile. The beam had been filtered through 
enriched boron of thicknesses equivalent to 0.46, 0.78, or 
1.10 g/cm? B"”. The effective transmission cross section 
was 1900+350 x 10-™™ cm? for the incident neutrons passed 
by 0.46-g/cm* B” and removed by 1.10 g/cm? or passed 
and removed by 0.46 g/cm? and 0.78 g/cm? or 0.78 g/cm? 
and 1.10 g/cm?. A numerical calculation indicates these 
data to be consistent with a peak scattering cross section of 
5000 x 10-“ cm? per atom. When counting rates due to 
more penetrating neutrons are not subtracted, lower 
effective cross sections are obtained; this is evidence for 
higher resonances. 


1M. Goldhaber and A. A. Yalow, Phys. Rev. 69, 47 (1946); N. H. 
Barbre and M. Goldhaber, Phys. Rev. 71, 141(A) (1947). 


LS. Polarization of Neutrons in Different Materials. 
J. R. Wauace, D. J. HuGHes, R. H. HoLTzMan, Argonne 
National Laboratory.—The production of polarized neu- 
trons in magnetized iron is detected by the increase in 
transmission with magnetization. The single transmission 
effect, E, has been measured for thermal neutrons as a 
function of magnetizing fields, H, up to 12,000 oersteds, 
of thickness of iron up to 9 cm, and for different kinds of 
iron and steel. Values of E up to 100 percent have been 
obtained representing the production of polarized beams 
in which 93 percent of the neutrons are aligned in one 
direction (polarization of 86 percent). The polarization is 
much greater in cold-rolled unannealed steel than in armco 
or Swedish iron which had been used by some of the early 
workers. Saturated polarization for small thicknesses of 
steel, d, is demonstrated by (1) proportionality of E to d* 
and (2) saturation with increasing H. The saturated 
polarization gives the polarization cross section p directly, 
the value is in agreement with that derived from the 
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experiments with armco iron (preceding abstract). A single 


transmission effect has also been observed for nickel with 
a magnitude which indicates a polarization cross section 
for nickel of about 30 percent of that of iron. 


L6. Neutron Polarization. D. J. HuGues, J. R. WALLacg, 
AND R. H. HoLtzMan, Argonne National Laboratory.—The 
production of polarized neutrons by passage 
magnetized iron, first predicted by Bloch,' has beg, 
treated theoretically by Halpern and Holstein,? and exper. 
mentally by Bloch, Hammermesh, and Staub,? et al. With 
the availability of intense neutron beams from the Argonne 
deuterium-moderated pile, it is now possible to investigate 
the polarization process in more detail than could be done 
in the earlier experiments. The polarization produced by 
transmission through magnetized iron is measured by the 
transmission of the iron when magnetized compared to 
that when unmagnetized. The relative increase in trans. 
mission, the “single transmission effect,’’ EZ, is proportional 
to the square of the polarization cross section, p. E has 
been measured for different thicknesses of armco iron ijn 
order to determine p. The resulting value is much larger 
than that expected theoretically, and also that observed 
experimentally by Bloch ef al.* The polarization for mono 
energetic neutrons has also been studied, and the complete 
disappearance of polarization of neutrons of wave-length 
greater than 4.04A has been demonstrated. 


1F. Bloch, Phys. Rev. 50, 259 (1936). 
20. Halpern and T. Holstein, Phys. Rev. 59, 960 (1941). 
* F. Bloch, M. Hammermesh, and H. Staub, Phys. Rev. 64, 47 (1943), 


L7. The Diffraction of Neutrons by Crystalline Powders, 
C. G. SHULL AND E. O. WoLLAan, Clinton Laboratories.— 
A study of the diffraction of neutrons by a number of 
substances has been made using the powdered crystal 
technique.* A monochromatic beam of neutrons (A = 1.08A) 
obtained from the Clinton Pile by reflection from a NaCl 
single crystal was passed through a flat plate of the 
crystalline powder to be studied and the scattered radiation 
was measured with a BF; counter enriched in B™. In order 
to make the interpretation of the data as straightforward 
as possible, studies were made of a number of substances 
(CaO, CaCs, CaS, graphite, diamond, etc.) which are 
nearly monoisotopic and have zero-spin nuclei. The in- 
tensity of two or more diffraction peaks and the diffuse 
scattering were measured in each case. It was found that 
the ratio of the diffuse scattering cross section to the 
coherent (Bragg reflection) cross section varies from 0.5 for 
diamond to 9 in the case of CaS. Such large values for this 
ratio do not seem to be accounted for on the basis of 
present theory. Studies have also been made with sub- 
stances containing nuclei which possess spin and examples 
of these will be given. 


* Previous work on this subject by R. B. Sawyer and E. O. Wollan 
has been published only in reports of the Manhattan District. 


L8. Diffraction of Neutrons by Hydrogen and Deu- 
terium Containing Crystals. W. L. Davipson,* G. A. 
Morton,t C. G. SHULL, AND E. O. Wo LLan, Clinton 
Laboratories.—A study of the diffraction of neutrons by 
materials containing hydrogen and deuterium is being 


STs efeeanuassee BeBe eke Bee ere a Ss ase 











co a 





ch larger 
observed 
or Mono- 
complete 
ve-length 


47 (1943), 


owders, 
tories.— 
mber of 

crystal 
= 1.08A) 
a NaCl 

of the 
adiation 
In order 
forward 
»stances 
ich are 
The in- 
. diffuse 
nd that 
to the 
1 0.5 for 
for this 
yasis of 
th sub- 
‘amples 


. Wollan 


| Dew- 
G. A. 
Clinton 
ons by 
being 















made. One reason for making such a study is the possi- 
bility of locating hydrogen positions in crystals by means of 
neutron diffraction, whereas with x-rays this cannot in 
general be accomplished. The measurements have been 
made by the same powder crystal technique as described 
in the preceding paper. The first material studied was NaH 
which has a cubic structure with a9=4.884. Diffraction 
peaks were observed for the (111), (311), and (331) planes 
but the intensities from planes of even indices were too 
small for measurement. The presence of the peaks with 


’ odd indices and the absence of peaks with even indices 


shows that hydrogen and Na scatter with opposite phase 
and that the coherent scattering amplitudes for Na and H 
are about equal. In addition the absence of the (400) peak 
shows that NaH has the NaCl rather than the ZnS 
structure. Although the diffraction peaks from NaH are 
easily measurable, they represent only a small fraction of 
the total scattering, the diffuse scattering being about 
twice as intense as the peak of the (111) reflection. These 
results are in agreement with theoretical predictions based 
on a consideration of the singlet and triplet binding energies 
of the deuteron. Similar diffraction measurements are being 
made with NaD and the results of these measurements will 
be compared with those for NaH. 


* On leave of absence from B. F. Goodrich Company, Akron, Ohio. 
+ On leave of absence from R.C.A. Laboratories, Princeton, New 


Jersey. 


L9. Proton-Proton Scattering. I. H. DEARNLEy, C. L. 
OxLey, AND J. E. Perry, JR., University of Rochester.— 
Proton-proton scattering experiments have been made 
using the 7-Mev proton beam from the small cyclotron. 
The apparatus which will be described employs Eastman 
alpha-particle plates to record the protons scattered by 
hydrogen gas. Angular distribution data in the range from 
9 to 45 degrees in the laboratory system are obtained by 
counting the number of proton tracks at positions on the 
plates corresponding to different scattering angles. Abso- 
lute scattering cross sections are calculated using this 
data, the charge deposited in a Faraday cage by the un- 
scattered beam, the hydrogen pressure, and the geometry. 
The advantages and limitations of this method with re- 
spect to background tracks, countability, and corrections 
for slit edge penetration will be discussed. The p-wave 
contributions to the cross section have been computed 
using Rarita and Schwinger! type interactions. Preliminary 
experimental results indicate little deviation from pre- 
dicted s wave scattering. 


'Rarita and Schwinger, Phys. Rev. 59, 556 (1941). 


L10. An Automatically Recording Gamma-Ray Scatter- 
ing Apparatus. D. E. ALBURGER AND E. C. POoLLarp, 
Yale University.*—Attempts to detect nuclear resonance 
scattering at large angles have shown the need for long 
counting of scattered photons. To minimize effects due to 
decay of the source and drift of counter circuit voltages, 
scattering elements must be interposed cyclically. An 
equipment has been constructed for this purpose. A master 
timer energizes a motor which changes the scattering plates 
at intervals adjustable from three to ten minutes. Two 
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elements A and B may be used and cycled with an equal 
NO scattering or background counting period in the order 
A NO B B NO A etc. This cyclic order corrects for the 
first derivative of the decay curve. Clocks and count 
recorders corresponding to A, B, and NO operate while 
each scatterer is in position. Average scattered counts 
per minute from A and B may be compared for various 
thicknesses of absorber in the path of the scattered radia- 
tion. Several runs have been taken with Na™ sources using 
lead, copper, aluminum, and magnesium scatterers. In 
addition to Compton scattering in agreement with theory 
more energetic components are observed. These are in 
the process of analysis. 

* Assisted by the Office of Naval Research under Contract N6ori-44. 


L11. Nuclear Magnetic Moment of Columbium from 
Hyperfine Structure. WILKISON MEEKS* AND RUSSELL A. 
FisHER, Northwestern University.—The hyperfine structure 
of 32 visible lines of Cb have been measured and analyzed 
and 32 hyperfine interval factors determined. The 4d*5s*D 
terms provide interval factors well suited to an evaluation 
of the nuclear magnetic moment. Calculations based on 
the method of energy sums yields a value of 5.3 nuclear 
magnetons for the nuclear magnetic moment of Cb. 

* Now at Western Maryland College, Westminster, Maryland. 


L12. Nuclear Spins of the Carbon Isotopes. F. A. 
Jenkins, University of California.—In preparation for a 
determination of the spin of C™, the case of C™ has been re- 
investigated by the method of Townes and Smythe,' in 
which the alternation of intensities in the C; bands is 
measured. By using lower currents in the source, the 
A-type doublets are clearly resolved in the second order 
of the 21-ft. grating, which has 30,000 lines/in. Spectro- 
grams were taken using some methane containing 35 
percent C™" furnished by Professor Smythe, and photo- 
metric measurements made on the C¥C* doublets. The 
intensity ratio indicated by the two best resolved lines is 3, 
corresponding to a spin of 4. This is the value theoretically 
predicted, and the one required to be consistent with the 
magnetic moment measurement of Hay.* Townes and 
Smythe concluded that the widths of the doublets indicated 
a spin of §. A possible explanation for this is that the line 
R;(19) has a weak extraneous line lying on the short wave- 
length side, which is partially resolved on our spectrograms. 
Preliminary results on C“ may be obtained in time to be 
presented. Miss Carol Hyatt assisted in the experimental 
work. 


1C. H. Townes and W. R. Smythe, Phys. Rev. 56, 1210 (1939). 
*R, P. Hay, Phys. Rev. 60, 75 (1941). 


L13. Criticality Studies of the Enriched-Uranium Heavy- 
Water Chain-Reacting System A. H. SNELL, C. D. Goop- 
MAN, P. H. ABetson, R. Scacetrar, G. M. Branca, I. E. 
SLAWSON, AND W. E. StanLey, Clinton Laboratories.—A 
general description of a low power, enriched-uranium, 
heavy-water chain reactor will be given. Some of the 
procedures of critical experimentation will be discussed 
and the types of measurements made with the system will 
be described. 
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Ml. The Problem of Explosive Initiation. G. Gamow, 
George Washington University (20 min.).—It is known that 
explosive materials can be initiated by a strong instantane- 
ous compression caused by a direct mechanical impact or 
by a shock wave. Since the uniform adiabatic temperature 
increases caused by the compressions leading to the ex- 
plosion amount to considerably less than 100 degrees, it is 
necessary to assume that we deal here actually with 
much higher local temperature increases connected with 
heterogeneity of the materials in question. In the case of 
granular materials the “‘hot spots’’ initiating the reaction 
originate along the friction surfaces of neighboring grains, 
whereas in cast materials similar phenomena must take 
place between separate crystals and crystal fragments into 
which the substance is broken by the force of impact. The 
development of this point of view permits us to correlate 
the known facts about “impact sensitivity’’ with the size of 
grain, packing density, strength of the material, etc. It 

{ appears that even in the case of liquid explosives the 

initiation by impact possesses a strongly’ heterogeneous 
nature. 


M2. The Attenuation of a Spherical Shock Wave.* 
WALKER BLEAKNEY AND RICHARD G. STONER. Princeton 
University (20 min.).—The pressure in a spherical shock in 
air decreases with the distance of propagation from the 
center for two reasons: (1) the wave spreads over a greater 
area as it proceeds, and (2) energy is dissipated in the 
medium because of the irreversibility of the process. It has 
not been possible to calculate the pressure-distance function 
with precision, but Kirkwood's theory seems to be adequate 
in view of the wide discrepancies in the experimental data. 
We have made an attempt to improve the experimental 
results using explosive charges of 0.5 to 8.0 Ib. The velocity 
of the shock was measured over a range of 18 to 110 charge 
diameters. The peak pressures were computed from these 
velocities. In addition several piezo-electric gauges were 
used to measure the pressure directly. A preliminary 
analysis of the results indicates that the internal consistency 
of the data is improved over former measurements, the 
discrepancies between results obtained at Princeton and 
Woods Hole in the past have been mostly caused by the 
differences in the types of charges used, and the results 
conform pretty well to Kirkwood’s theory. The pressure 
measurements range from 2.5 to 0.1 atmospheres. 

* Based on research supported by Navy Contract N6ori-105 Task II. 


M3. Subsurface Phenomena near an Exploding Charge. 
C. W. Lampson, Ballistic Research Laboratories, A.P.G. (20 
min.).—Investigations have been made on the propagation 
of intense compressive waves in subsurface materials result- 
ing from the explosions of buried charges. Extensive meas- 
urements taken of the variation with distance of the peak 
transient values of pressure, impulse, particle velocity, 
acceleration, and motion show that quite simple empirical 
equations can be fitted to the data. These empirical 
relationships contain parameters that can be related to a 
quantity characteristic of the particular subsurface ma- 
terial which has been called the “soil factor.” This quantity 
which has the dimensions of a modulus of elasticity can be 
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correlated with measurements of the seismic velocity of 
small amplitude waves in the material. This allows a fairly 
good prediction of the magnitudes of the various phe 
nomena to be obtained from shallow refraction shooting 
about the given area. 


M4. A Survey of the Theory of Bubble Pulsationg* 
ConYeErRS HERRING, Bell Telephone Laboratories (20 min,), 
—When a quantity of explosive is set off under water, the 
gas which is formed creates a cavity or “bubble” in the 
water. This bubble undergoes rapid radial pulsations of 
large amplitude, caused by the great departure of the 
initial configuration from equilibrium between the external 
and internal pressures. Translatory motion and other kinds 
of asymmetry are very important under certain conditions, 
A discussion will be given of the physical principles 
underlying the explanation of these phenomena, followed 
by a brief survey of the results obtained in the last several 
years by the many workers who have attacked the mathe 
matical problems involved. A variety of applications will be 
mentioned. 


* Based in part on work done for OSRD under Contract OEMar-29 
with Columbia University. 


MS. Remarks on Some Underwater Explosion Phe- 
nomena and Measurements. G. K. HARTMANN, Nawl 
Ordnance Laboratory (20 min.).—During the war the study 
of various questions connected with underwater ordnance 
revealed the existence of many interesting fundamental 
problems. A brief review is given of some of these problems 
in underwater explosion research. They are concerned 
chiefly with the formation and propagation of shock waves, 
the hydrodynamical phenomena of the ensuing gas globe 
and the effects of these phenomena on simple structures, 
As examples of the inter-relation of these effects certain 
aspects of surface phenomena attendant on an underwater 
explosion are discussed and a correlation is suggested be 
tween these and the gas globe motions. Note is taken of the 
usefulness of simple mechanical systems for recording shock 
wave parameters. It is shown that absolute measurements 
may be made of peak pressure and that these compare well 
with other methods. 

M6. Underwater Photography of Explosion Phenomena.’ 
Pau M. Fye, Underwater Explosives Research Laboratory 
(20 min.).—Recent explosion studies utilizing underwater 
photography have involved two distinct techniques: 
(1) microsecond-flash photographs using high intensity 
light sources, and (2) high speed (~3000 frames/sec.) 
motion pictures. The first technique has been expedited by 
the development by G. H. Messerly of a one-microsecond 
light source of about 10* candle power excited by the 
passage of a shock wave through argon gas surrounding an 
explosive charge. This light source, which can be con- 
veniently syncronized with explosion phenomena by ex- 
plosive fuses, has permitted studies of: (1) the shape of 
shock waves and gas bubbles from charges of varying 
shapes, (2) the formation and disappearance of cavitation 
produced by dynamic loading of deformable diaphragms, 
free plates, and water-air interfaces, and (3) the peak pres 
sure and time constants of shock waves by refraction 
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methods and shock wave velocity studies. The second de- 
velopment has permitted extensive studies of the growth 
and oscillations of explosion gas bubbles which allow in- 
vestigations of the distribution of energy throughout ex- 

jon phenomena as well as studies of damage processes. 
Experimental techniques will be discussed and results 


illustrated. 


* This paper is based in whole or in part on work done for the Office 
of Scientific Research and Development under Contract OEMsr-569 
and for the Bureau of Ordnance under Contract NOrd-9500 with the 
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts. 


Nl. Shock Wave Conditions. H. A. Betrue, Cornell 
University. Abstract not received. (40 min.) 


N2. On the Determinacy of Gas Flows Involving Re- 
action Fronts. K. O. Frrepricus, New York University 
(40 min.).—The determinacy of one-dimensional flow in- 
volving a discontinuity front across which a chemical 
reaction takes place depends on the nature of this reaction 
process. If the process is a “strong detonation” the flow is 
determined just as is the flow involving a shock front. 
Flows involving ‘weak detonations” or “deflagrations” 
are, however, not determined on the basis of the three 
conservation laws. To make the flow determined the 
internal mechanism of the reaction process must be in- 
vestigated. It is shown, under highly idealized assumptions, 
that the internal mechanism supplies just the right number 
of additional conditions to make the process determined. In 
particular, a justification of the Chapman-Jouguet hy- 
pothesis for detonations is obtained which comprises that 
given by von Neumann as a special case. For combustion 
processes it is shown what determines the flame speed. 


N3. Theory of the Propagation of Shock Waves. JoHN 
G. KirkKwoop AND Stuart R. BRINKLEY, JR., Cornell 
University (20 min.).—An approximate theory of the 
propagation of plane, cylindrical, and spherical shock 
waves, based upon a similarity restraint on the wave profile, 
will be described. The partial differential equations of 
hydrodynamics and the Hugoniot relations at the shock 
front, supplemented by the similarity restraint on the 
energy-time curve of the wave, are used to formulate a pair 
of ordinary differential equations for the peak pressure and 
energy of the wave as functions of distance from the source. 
The second law of thermodynamics is employed to de- 
termine the distribution of the initial energy input between 
dissipated energy residual in the fluid already traversed by 
the wave and energy available for further propagation. The 
non-acoustical decay of a wave of finite amplitude is thus 
directly related to the entropy increment at the shock front 
and the associated dissipation. The total differential equa- 
tions for peak pressure and energy can be integrated 
numerically with relatively little labor. They may also be 
used to establish asymptotic propagation laws at large 
distances from the source, where departures from acoustical 
behavior persist as long as there is a shock front. 


Pl. The Latitude Effect of the Mesotron Component 
up to Elevations of 35,000 Feet. MARCEL SCHEIN, PIARA 
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SinGu GILL, AND VicToR YNGVE, University of Chicago.— 
Vertical intensity vs. altitude curves were obtained in a 
B-29 plane for mesotrons passing through 8, 14, and 20 cm. 
of lead at a magnetic latitude of 40°N and the geomagnetic 
equator. All curves exhibit a marked change in the mesotron 
intensity with latitude which increases with elevation be- 
tween 15,000 and 35,000 feet. For mesotrons traversing 20 
cm. of lead the ratio between the intensities at 40°N and 
the equator was 1.4 at an altitude of 33,000 feet. This is in 
satisfactory agreement with recent observations of Swann 
and Morris.* The analysis of the data shows that at 35,000 
feet 30 percent of all the mesotrons having momenta 
greater than 3.6 10* ev/c are produced by primaries of 
energies between 6X 10° ev and 15X 10° ev. In the present 
series of experiments the secondary production of mesotrons 
with momenta greater than 3.6 10* ev/c was found to be 
negligible within an experimental error of 3 percent. 


* W. F G. Swann and Peter A. Morris, Phys. Rev. 71, 462(A) (1947). 


P2. Discussion of a Possible Method for Measuring 
Masses of Cosmic-Ray Mesotrons. W. H. Furry, Harvard 
University—Determination of the mass of a mesotron 
depends on measurement of its momentum by magnetic 
deflection, and a measurement of its velocity or range. 
Measurement of range offers a method which, if applied to 
high energy, long range particles, may be capable of giving 
very good results; it will, however, be open to doubt as long 
as some of the processes of energy-loss are not accurately 
known. Measurements on slow mesotrons are inherently 
unsatisfactory, as Bethe has shown, and the determination 
of velocity from ionization is possible at all only for slow 
mesotrons. The Cerenkov radiation effect offers another 
method of velocity measurement, which is particularly 
unambiguous, being essentially a geometrical construction. 
In a suitably arranged experiment the effect could be 
applied to measure accurately the speeds of single fast 
mesotrons. The most advantageous material would be a 
compressed gas, with »—1 not much larger than 1—8. 
While slow mesotrons are very rare in cosmic rays, meso- 
trons with 8>0.96 are plentiful. If visible-light photon 
counters with efficiency of one percent can be used, de- 
terminations of mass to one percent should be possible. 


P3. Positive Excess of Slow Mesotrons at an Altitude 
of 11,500 Feet. MALCOLM CorRRELL, University of Chicago 
(Introduced by Marcel Schein).—Cloud-chamber tracks of 
mesotrons having momenta between 8X10’ ev/c and 
2x 108 ev/c were photographed at an altitude of 11,500 
feet. Mesotrons in this momentum range were selected by a 
specially designed anti-coincidence circuit. The tracks were 
curved by a magnetic field of 1800 gauss. Three one- 
centimeter lead plates enabled one to distinguish electrons 
from mesotrons by multiplication phenomena. 

Examination of more than 500 tracks of mesotrons 
having momenta in this range shows that within 5 percent 
statistical error there are equal numbers of positive and 
negative mesotrons. This would seem to indicate that most 
of the slow mesotrons at this altitude are produced by a 
neutral radiation. 
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P4. Theoretical Considerations on Large Air Showers. 
H. A. Betue, Cornell University.—Large air showers are of 
interest mainly because they give evidence on primary 
particles of very high energy, certainly up to 10 and 
probably 10'* ev. The scattering of the shower electrons in 
air has been calculated fairly accurately by Moliere; the 
spread of the shower is largely independent of its point of 
origin. The most direct experiments are coincidence counter 
measurements, e.g., those of Hillbery and of Cocconi and 
collaborators; they establish the spectrum of cosmic rays as 
approximately E~-75. “Bursts” in a high pressure ionization 
chamber also give evidence on large showers, but the bursts 
obtained by Kingshill and Lewis at low pressure are almost 
certainly due to stars. Lapp’s results, in an unshielded high 
pressure chamber, agree very well with the counter coinci- 
dences. Lapp also measured bursts below 7 radiation units 
of iron; these give evidence on the core of the air shower 
consisting of very high energy electrons. The results are 
compatible with the assumption that a shower has only one 
core but refinements in the theory are necessary before 
multiple cores can be excluded. The cores of large air 
showers also explain the high frequency of large bursts 
under 12 centimeters of lead found by Lapp at Huancayo. 
This makes it unnecessary to invoke fast-decaying mesons 
for the explanation of these bursts. 


PS. Interpretation of Cosmic-Ray Ionization Bursts in 
Cylindrical Chambers by Pulse Shapes.* H. Bripce, 
Massachusetts Institute of Technology—The change in 
voltage on the collecting electrode of an ionization chamber 
in which the negative ions are free electrons consists of a 
fast rise, caused by the rapid motion of the electrons, which 
lasts a few microseconds, followed by a slow rise, caused by 
the slow motion of the positive ions. Computation of the 
electron pulse shows that in general its shape depends 
markedly on whether the ionization is diffused, like that 
produced by large air showers, or concentrated like that 
produced by heavily ionizing particles. A preliminary ex- 
periment was made at 25,000 feet with a cylindrical 
chamber (3” in diameter, 0.025” axial collecting electrode). 
The great majority of the bursts recorded could actually be 
identified and the following results were found. With the 
chamber unshielded most of the pulses are due to heavily 
ionizing particles from cosmic-ray induced nuclear disinte- 
grations. A lead shield 1” thick above the chamber leaves 
the number of pulses from nuclear disintegration practically 
unchanged but causes a large number of additional pulses to 
appear, which can be recognized as due to showers (obvi- 
ously from the lead). 


* The research described in this abstract was supported in part by 
Contract NSori-78, U. S. Navy Department. 


P6. A Study of the Structure of Air Showers at 11,500 
Feet.* R. W. WILLIAMs AND Bruno Rossi, Massachusetts 
Institute of Technology.—A piece of equipment was built 
consisting of four cylindrical ionization chambers each con- 
nected to a separate cathode-ray oscilloscope through its 
own pulse amplifier. The four horizontal sweeps are 
provided by a circuit which can be made to operate either 
from single pulses, of a certain minimum size, in any one 


chamber, or from simultaneous pulses in any two chambers, 
With this equipment a study was made of the particle 
density distribution in air showers at 11,500 feet. The 
chambers were placed horizontally with the centers on g 
straight line and the axes perpendicular to this line, at g 
distance of 1 meter between axes of adjoining chambers 
The main results obtained can be summarized as follows, 
(1) Simultaneous pulses in two chambers are practically 
always accompanied by pulses in the other two chambers, 
(2) In most cases the pulses in four chambers are of the 
same order of magnitude. These results are in agreement 
with the hypothesis that air showers are ordinary cascade 
showers. In these experiments no indication can be found 
for the existence of ‘narrow showers” or of showers with 
several “narrow cores.” 


* The research described in this abstract was supported in part by 
Contract NSori-78, U. S. Navy Department. 


P7. Cosmic-Ray Induced Nuclear Disintegrations 
11,500 Feet.* BrRuNo Rossi AND R. W. WILLIAMS, Massq. 
chusetts Institute of Technology.—The four ionization cham. 
bers described in the preceeding paper were placed hori- 
zontally in a close-packed group. A record was taken 
whenever at least one of the chambers gave a pulse larger 
than a prescribed amount. Measurements were made at 
11,500 feet with no shield and with lead shields of various 
thicknesses above and around the chambers. An analysis of 
the experimental data leads to the following results, 
(1) With no lead shield, by far the greatest majority of the 
pulses are caused not by air showers but by heavily ionizing 
particles from cosmic-ray induced nuclear disintegrations. 
(2) Simultaneous pulses from heavily ionizing particles are 
often observed in two, three, and occasionally all four 
chambers. It seems likely that these coincidences are 
caused by penetration of heavily ionizing particles across 
the chamber walls. Their number decreases sharply if the 
chambers are separated by a few inches. (3) Surrounding 
the chambers with lead decreases the number of pulses from 
nuclear disintegration, but the decrease is very much 
smaller than one would expect if the disintegrations were 
produced by photons as some authors have suggested. 


* The research described in this abstract was supported in part by 
Contract NSori-78, U. S. Navy Department. 


P8. High Energy Cosmic-Ray Air Showers. Paut J. 
OvreBo, Aircraft Radiation Laboratory, AND HENRY L. 
KRAYBILL, University of Chicago.—Extensive high energy 
atmospheric showers in the cosmic radiation at altitudes 
from 15,000 to 33,000 feet were found in experiments con- 
ducted in B-29 airplanes flown by the Army Air Forces. 
Frequency of the showers as indicated by coincidences be 
tween counters with a horizontal separation of eleven feet 
was found to increase rapidly between 15,000 and 25,000 
feet, and to remain nearly constant from 25,000 to 33,000 
feet. The counting rate at 33,000 feet was about 1.7 times 
the rate at 15,000 feet. Tests for variation of shower rate 
with latitude were made in a flight at 33,000 feet between 
Wright Field, Ohio and Lima, Peru. No definite latitude 
effect was detected, indicating a high energy and low charge 
of the primary particles responsible for the radiation. 
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Explanation of these showers as originating from high 
energy primary electrons (E>10" ev) would require a 
maximum in the counting rate versus altitude curve to be 
reached at an altitude below 30,000 feet. Thus far, in 
preliminary experiments conducted up to 33,000 feet, a 
maximum has not been demonstrated. It is planned that 
more extended flights to even higher altitudes will measure 
the frequency of showers of various lateral extension at 
different altitudes. 


Po. Atmospheric Showers of Cosmic Rays. C. G. Mont- 
GoMERY AND D. D. Montcomery, Yale University.— 
Observations of the rate of occurrence of large showers of 
cosmic rays were made with a thin-walled ionization 
chamber with no shielding and with thin shields of lead, 
jron, and magnesium. Application of the cascade theory of 
multiplication of the shower in the shield allows a separa- 
tion to be made of the bursts of ionization produced by 
atmospheric showers and the bursts resulting from nuclear 
processes within the chamber walls. Atmospheric showers 
of densities near 500 rays per square meter occur with an 
integral frequency distribution of the power-law form with 
an exponent of —2.5. The corresponding integral energy 
spectrum of electrons at the top of the atmosphere has, 
therefore, an exponent of —3.1 in an energy range near 
5X10"* electron volts. The disintegration bursts have a 
frequency distribution that can be represented by a power- 
law variation with a much larger exponent, about — 10, but 
lack of saturation in the collection of the ionization makes 
the data very uncertain. 


P10. A V-2 Cosmic-Ray Experiment. Gi_pert J. PErR- 
Low, Naval Research Laboratory.—A counter experiment in 
a V-2 rocket carried to a height of 70 miles on January 10, 
1947 measured the total ionizing intensity, the fractions 
penetrating 2 and 4 cm of lead, and the presence of as- 
sociated 3-fold showers under the 2 and 4 cm. A gyroscope 
and 3 photo-cells measured rotation for an east-west effect 
determination. Thirty-seven percent of the incident par- 
ticles above the atmosphere penetrated 4 cm without 
showers. These showed no appreciable east-west effect. 
Twenty-two percent of the incident particles stopped in 2 
cm and 13 percent in 4 cm, a small fraction of the latter 
having showers. Most of the remaining particles penetrated 
4 cm, producing showers under either 2 or 4 cm or both in 
about equal numbers for each of these three types of 
events. Curves will be presented showing the variation 
through the atmosphere of the more frequent events. 


Pll. Further Cosmic-Ray Experiments Above the At- 
mosphere. E. H. Krause anv S. E. Goutan, Naval Re- 
search Laboratory.—A cosmic-ray counter experiment was 
conducted in a V-2 fired on March 7, 1947 to a height of 96 
miles. Measurements were made of the total ionizing 
intensity, the number of particles penetrating 2 cm, 6 cm, 
and 12 cm of lead and the number of three or more particle 
showers accompanying these events. All counters under 
lead were shielded with 2 to 3 inches of lead. The various 
components of the radiation will be analyzed and curves 
will be presented showing the variation of the different 
events through the atmosphere. 
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P12. Methods in Cosmic-Ray Measurement in Rockets. 
L. W. Fraser, R. P. Petersen, H. E. Tare, Anp J. A. 
Van ALLEN, Johns Hopkins University.—Rocket research 
imposes peculiar problems of its own. The flight is short. 
The equipment is inaccessible and no checks are possible 
after impact. Accelerations, vibrations, and rapid changes 
in temperature are encountered. Much effort has been 
expended in making the equipment reliable and inde- 
pendent of external conditions. Over-all calibration of the 
system in flight is achieved with a radioactive calibrator. 
The argon-alcohol G-M tubes perform over a temperature 
range of 0°C-100°C. Their efficiency has been found to be 
greater than 99 percent, as tested in a new cathode coupled 
coincidence circuit developed in this laboratory. Each 
rocket carries a duplicate array of equipment. The G-M 
tubes actuate cathode followers permitting the use of many 
Rossi mixing circuits. No data are discarded in anti- 
coincidence—such events are identified on the final record. 
Additive pulse mixing is achieved by germanium diodes. 
The NRL radio telemetering system transmits our charac- 
teristically shaped pulses, which are easily distinguished 
from static and cross-modulation. Rechargeable power 
supplies permit extensive pre-flight tests of the completely 
assembled system. These general principles are being 
applied to the conduct of future ionization and cloud- 
chamber flights. 


Ql. Paramagnetic Resonance Absorption at 9000 mc/ 
sec. for Five Salts of the Iron Group. R. L. CuMMERow, 
D. HALLipay, AND G. E. Moore, University of Pittsburgh.— 
Measurements of the power output of a resonant cavity 
filled with the salt were made for various strengths of an 
external magnetic field, applied perpendicularly to the high 
frequency magnetic field in the cavity. The measurements 
were performed using a standard 3-cm oscillator and wave- 
guide transmission line. Three channels were provided, one 
for power level monitoring, one for frequency monitoring, 
and one for exciting the cavity. The cavity and monitor 
channels were terminated in crystal detectors which were 
supplied with biasing currents in order to provide a good 
match to the wave guide. The microwave signal was square- 
wave-modulated so that biasing could be accomplished and 
so that the crystal outputs could be easily amplified. 
Previously! measurements were made at 10 cm, only rela- 
tive values of absorption being reported. A formula will be 
presented giving absolute values of the imaginary part of 
the high frequency susceptibility in terms of power and Q 
measurements. Preliminary room temperature measure- 
ments of this quantity for MnSO,-4H;0 give, at the ab- 
sorption peak, a value of (2.3+0.2)X10-* cm*/ion. 
Results for the other salts will be presented. 

1R. L. Cummerow and D. Halliday, Phys. Rev. 70, 433 (1946). 


Q2. Complex Permeability of Permalloy. M. H. Joun- 
son, G. T. Rapo, AND M. Matoor, Naval Research Labora- 
tory—Our method for measuring complex permeability’ 
has been applied to 45-Permalloy and Mo-Permalloy. Pre- 
liminary results indicate that the behavior of these high » 
substances is similar to magnetic iron** in that the 200-mc 
permability is small and is nearly constant for polarizing 
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fields below the knee of the magnetization curve. Correla- 
tion of the results with d.c. measurements and their 
interpretation’ in terms of the mechanism of magnetization 
will be discussed. 


1 ay > Rado, and Maloof, Phys. Rev. 71, 472(A) ean: 
2 io, Johnson, and Maloof, Phys. Rev. 71, 472(A) (1947). 
+ Johnson, Rado, and Maloof, Phys. Rev. 71, 322 (1947). 


Q3. Variations in the Constants of Richardson’s Equa- 
tion as a Function of Life for the Case of Oxide Coated 
Cathodes on Nickel. HAROLD JAcoBs AND GEORGE HEEs, 
Sylvania Electric Products.—Measurements of emission are 
made in relation to triple oxide filamentary cathodes on 
tensite wire. The work functions are measured over a 
period of 500 hours. It is found that plotting the log of 
Avs. in the Richardson’s equation a straight line is 
formed. An alternative formula is tried: 


i= Aen ebhkT 


and a straight line is obtained by plotting the log of A’ vs. @ 
as a function of life. This formula is derived upon con- 
sidering electron emission as a two-stage phenomenon: 
First, the motion of electrons from the filled band to the 
conduction band, and second, the transmission of the 
electrons in the conduction band through the potential 
barrier at the surface. It is claimed that the new equation is 
an equation which may give information about the relative 
chemical composition of the cathode coating, and the 
relative difference in energy between the lowest conduction 
band and the highest filled band of the coating material. 


Q4. Studies on the Structure and Behavior of Thin 
Evaporated Films of Silver, Aluminum, Silicon, and 
Germanium. Grorc Hass, Engineer Board, Fort Belvoir. 
—Evaporated thin films of silver, aluminum, silicon, and 
germanium deposited on collodion and aluminum oxide 
support layers and on fresh rocksalt surfaces were examined 
by electron diffraction and electron microscopy. Their 
structure and properties varied with their thickness and the 
base temperature. Films of silver in thicknesses up to 50A 
deposited at room temperatures consist of small separated 
agglomerates, which grow together to form larger crystals 
as film thickness is increased, reaching a crystal diameter of 
5000A at film thickness of 500A to 600A. With heated 
bases, thickness of film required for continuity is pro- 
portional to the temperature. Aluminum films show similar 
behavior but have smaller crystal sizes and much less 
graininess. Silicon and germanium films are amorphous 
when condensed on bases below 600°C and 380°C, re- 
spectively, and are crystalline at higher temperatures. 
Crystalline films of silicon and germanium show, ‘besides 
their normal sharp electron diffraction patterns, the 
“forbidden” 222 reflection. The paper also contains data, 
obtained by electron diffraction, optical and electrical 
methods, on the formation of oxide films on aluminum and 
silicon in air at different temperatures. 


QS. Refractive Index of Germanium Films. W. H. 
BRATTAIN AND H. B. Briccs, Bell Telephone Laboratories.— 
The refractive index of semi-transparent germanium films 


backed by glass or fluorite has been determined by an 
interference method for the wave-length range from 
9X10-* to 7X10~* cm. The films were produced by 
evaporation in high vacuum; measurements were made in 
air. The average thickness of the films was determined by 
weighing and varied from 3.3X10-* to 1.410 em, 
The density of one germanium film was determined and 
found to be approximately that of bulk germanium. The 
refractive indices obtained decreased from 5.4 at 0.9 10-4 
cm to 4.3 at 7.0X10~-* cm. Some data were also obtained 
on the extinction coefficient giving values of k decreasing 
from 1.7 at 0.6X10-* cm to 0.4 at 1.0X10-* cm wave 
length. 


Q6. The Structure of Evaporated Copper Films.* W. E, 
Jounson, C. H. BACHMAN, AND I. ZALEON, Syracuse Uni! 
versity.—Films of copper have been deposited on various 
bases by metallic evaporation and their resulting crystal 
structure studied by electron diffraction methods. Copper 
films deposited on glass are found to be oriented preferen- 
tially provided the evaporation is carried out at a pressure 
of approximately one to two microns. In most cases the 
orientation consists of 110 planes parallel to the base with 
random orientation about an axis perpendicular to the 
base. In several cases preferred orientation consisting of 
311 planes parallel to the base has been observed. At 
pressures higher than one or two microns the preferred 
orientation is much less pronounced. At pressures less 
than one micron the orientation also becomes less pro- 
nounced until at a pressure of about 10-* mm of Hg 
normal polycrystalline films are formed. These consist of 
small particles giving rise to broad rings. The orientation 
effects are independent of rate of formation of the film and 
of film thickness over wide limits. Films of copper deposited 
on .050” molybdenum do not show any preferred orienta- 
tion. Films of silver and nickel deposited on glass show 
similar orientation but have not been investigated as 
thoroughly as those of copper. 


* The research described in this abstract is supported by the Army 
Air Forces under contract W33-038-ac-15160. 


Q7. Effect of Grain Size and Frequency of Measure- 
ment Upon Internal Friction and Rigidity Modulus of 
Aluminum.* T’1nc-Sur Kf, University of Chicago.—The 
temperature dependence of internal friction and rigidity 
modulus of 99.991 percent aluminum have been measured 
as a function of grain size of the specimen and as a function 
of frequency of measurement. It has been found that when 
the frequency of measurement is kept constant, an increase 
of grain size shifts the internal friction curve and the 
rigidity relaxation curve (both versus temperature) to 
higher temperatures, and a decrease in grain size causes a 
shift to lower temperatures. As long as the grain size is 
smaller than the linear dimensions of the specimen, the 
maximum internal friction and the relaxation strength 
(Gr/Gv) are independent of grain size. It has also been 
found that when the grain size of the specimen is kept the 
same, a change in frequency of measurement has exactly 
the same effect as a change of grain size. It is shown that 
all these observed phenomena are necessary manifesta- 
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tions of the viscous behavior of the grain boundaries in 
metals, which behavior has been demonstrated by previous 
measurements on anelastic effects.' The heat of activation 
associated with the grain boundary slip as determined by 
the internal friction and by rigidity measurements are 
both 32,000 calories per mole which agree, within experi- 
mental error, with the previously reported value obtained 
by creep and stress relaxation measurements. 

* This research has been supported by ORI (Contract No. No6ori- 
0s Ké, Phys. Rev. 70, 105 (1946); 71, 142 (1947); also forth- 
coming paper. 


Q8. An Electronic Computer for Crystal Structure 
Analyses. R. Pepinsky, Alabama Polytechnic Institute.— 
An electronic synthesizer is described for computation of 
two-dimensional Fourier series representing planar, centro- 
symmetric projections of electron densities in a crystal 
unit cell. The computer is designed to facilitate deduction 
of general features of a structure in trial-and-error stages 
of an analysis. The projection is presented by a television 
scan on the screen of a cathode-ray tube, the complete 
pattern appearing on each frame. The procedure is based 


upon Bragg’s early method for summation of simulated. 


interference fringes. Amplitudes of the Fourier coefficients 
are introduced by means of individual potentiometers, 
and signs of each by double-throw switches. Once the 
amplitudes—as determined from experimental data—are 
entered and a choice of signs made, the projection pattern 
appears on the screen within a few seconds and remains 
there as long as is desired. The effects of subsequent altera- 
tions of signs appear immediately. Thus systematic varia- 
tions of signs, in the search for a self-consistent structure 
by a trial-and-error procedure, become feasible in general 
analyses. The methods for generation of the intensity- 
modulation grid signals, and their synchronization with the 
sweep signals applied to the cathode-ray tube, are dis- 
cussed. 


1W. L. Bragg, Zeits. f. Krist. 70, 475 (1929). 


Q9. Variations in Crystal Quartz.' CLypeE P. GLOvER? 
AND K. S. VAN Dyke, Wesleyan University.—Etching a 
Z-section of quartz with hydrofluoric acid in the presence 
of an electric field by the method of Choong* shows in 
addition to the striking banded structure described by 
Choong other marked areas in which the etching is different 
in character from the rest of the crystal. No recognizable 
optical or electrical twinning appears to be present. The 
banded structure identifies the same local areas as stand 
out in the darkening of the quartz in bands under x-ray 
irradiation. Regular symmetrical patterns marked the 
intersection of rhombohedral planes with the Z-section 
and appear to indicate faces at early periods in growth of 
the crystal. The predominance of major rhombohedral 
planes over minor is striking. Irregular patterns are found 
in some quartzes which appear to have no relation to 
development of the crystal at an earlier phase. Experi- 
ments designed to test the interrelation of x-ray blackening 
and the accompanying elastic softening‘ indicate that 
neither effect is linear with the x-ray exposure and that the 
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two are not linearly related. For one BT-cut crystal plate 
the elastic change was found to saturate at 45,000 r-units, 
while the saturation of optical density required 110,000 
units. The elastic deficiency in the region below saturation 
amounted to about one part per hundred million per 
r-unit of Cu Ka-radiation.for this crystal which was 
rather sensitive to both blackening and frequency change 
by irradiation. 

1This work received ye from the Signal Corps, U. S. Army, 
under contract W28-003 sc-1556. 

7 Now at Naval Research Labora: boratory. 

Choong, Shin-Piaw, “‘New etch patterns of quarts and its uses for 

the determination of electric axes and the detection of crystal defects,” 


J.¢ 1, ow , 552-58 (1945). 
Min. 30, 438-439 (1945). 


Q10. Thermal Voltage of a Quartz Crystal. Ricwarp K. 
Cook, Martin GREENSPAN, AND Peart G. WEISSLER, 
National Bureau of Standards.—The use of a piezoelectric 
quartz crystal as a thermometer to measure low tempera- 
tures was proposed recently by Lawson and Long.' The 
thermal voltages due to Brownian motion can be used 
also to measure piezoelectric coefficients. A crystal having 
dynamic constants L,, C,, Ri generates a total mean-square 
noise voltage | Vo|?=Cik7T/Ce, where Co is the input 
capacity of the amplifier plus the shunt capacity of the 
crystal, provided the input resistance is sufficiently high. 
The noise is concentrated in frequencies very near to the 
resonant frequency, due to the high Q of the crystal. 
However, the impedance varies enormously over the same 
range of frequencies, which puts stringent requirements on 
the amplifier. 

Measurements have been made at room temperature on 
the thermal voltages near the fundamental longitudinal 
frequency (36.6 kc/sec.) of a quartz bar. For this case the 
computed noise voltage was about 0.6 wv and was due to a 
peak charge of about 160 electrons. At 0.01°K, about one 
electron would be involved. Several amplifiers were tried 
and fair agreement between computed and measured 
voltages was found. 

1A. W. Lawson and E. A. Long, Phys. Rev. 70, 220 (1946). 





Qll. X-Ray Diffraction by Randomly Oriented Line 
Gratings. R. CLarK Jones, Polaroid Corporation.—The 
x-ray diffraction pattern of a randomly oriented assemblage 
of line gratings has been computed. (A line grating is 
here defined as a periodic linear structure, most simply 
a straight chain of uniformly spaced atoms.) The motiva- 
tion of the calculation was an effort to obtain a better 
understanding of the x-ray patterns obtained in as yet 
unpublished work by Cutler D. West in the study of 
certain organic compounds containing iodine and other 
halogens. The calculated pattern, aside from the polariza- 
tion, Lorentz, and structure factors, is merely a stepped 
function, in which the treads are flat, and in which the 
slope of the risers is proportional to the number of unit 
cells in the line grating. The angular positions of the 
steps correspond to the minimum deviation angles of the 
successive orders of the grating. The pattern differs from 
the powder pattern of a three-dimensional crystal or a 
layer lattice* in two principal respects: (1) the pattern 
shows no peaks whose half-width narrows as the size of 














the microcrystals increases, (2) There is a large amount 
of oo at small Bragg angles. 


B. E, Warren, “X- ~—y diffraction in random layer lattices," Phys. 
ms, 59, 693-698 (1941) 


Q12. Foreign Ion Rejection in the Growth of Sodium 
Chloride Single Crystals from the Melt. R. H. McFeEe,* 
Massachusetts Institute of Technology.—A study is made of 
the process of purification that takes place when single 
crystals are grown from the melt. The rejection of potas- 
sium and copper ions from sodium chloride crystals is 
measured quantitatively by analyzing by spectrochemical 
means sections of cylindrical crystals of sodium chloride 
to which has been added a known quantity of impurity. 
The theory of the distribution of impurity over the height 
of the crystal is derived in terms of the initial impurity 
concentration, height of completed crystal, and the frac- 
tion of the impurity concentration in the melt included in 
the crystal, which fraction is called the purification coeffi- 
cient. Good agreement is obtained between theory and 
experiment for an initial concentration of 0.1 atomic 
percent potassium in sodium chloride. Purification coeffi- 
cients for several crystals containing potassium and a few 
crystals containing copper are measured and correlated 
with rate-of-growth and temperature-gradient conditions. 

* Now with Photoswitch Incorporated, Cambridge, Massachusetts. 


Rl. Studies Pertaining to the Measurement of Tem- 
perature in a Detonating Explosive.* S. J. Jacoss, Naval 
Ordnance Laboratory.—At present the only experimental 
observation which has been made with precision in detona- 
tion experiments is the detonation velocity. In order to 
obtain more definite knowledge concerning the state of the 
product gases, it is desirable that some other quantity 
such as temperature pressure, or particle velocity in the 
product gas, be experimentally measured. Investigations 
undertaken to determine the feasibility of measuring the 
temperature in the detonation zone by optical means 
indicate that optical methods show promise in extending 
our knowledge of the detonation process. Some of the 
problems encountered in these studies will be discussed. 


* Based on work done at the Explosives Research Laboratory, Car- 
negie Institute of Technology under — OSRD and sponsored by the 
Navy Department, Bureau of Ordnance 


R2. Substitution Flows in Theoretical Gas Flow. M. M. 
Munk, Naval Ordnance Laboratory.—It is shown that the 
study of the theoretical motion of a perfect gas may be 
limited to the study of a special class of such motions of 
the same gas without loss of generality. These theoretical 
motions are not necessarily irrotational nor free of shock 
waves. The specific entropy of each gas particle remains 
constant unless the particle crosses a shock wave. Along 
each streamline, the total enthalpy, also called reservoir 
enthalpy or total flow energy, remains constant regardless 
of intersections of the streamline with shock waves. It is 
shown that with these assumptions there always exists a 
flow of the same gas along the same streamline pattern 
having constant total enthalpy throughout the entire 
flow. Other conditions, as for instance, constant entropy 
between a pair of shock waves, may also be imposed instead 
of the foregoing one. 
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R3. Application of the Hydraulic Analogy to the Study 
of Transonic Flow. Ray H. Wricut, Langley Field 
The theory of the hydraulic analogy, that is, the analogy 
between water flow with a free surface and two-dimensional 
compressible gas flow, and the limitations and conditions 
of the analogy are discussed. A description is given of the 
apparatus developed for the application of the analogy, 
of the difficulties involved in its application, and of methods 
of overcoming these difficulties. The hydraulic analogy was 
first applied to the determination of characteristic quanti- 
ties in the flow about circular cylinders of various diameters 
and with Mach numbers extending into the supercritical 
range. Reasonably satisfactory agreement between the 
flow quantities so obtained and corresponding quantities 
available from tests in wind tunnels indicated the possj- 
bility of extending experimental compressibility research 
by this method. With appropriate refinements to the 
apparatus and techniques, the analogy was, therefore, 
applied to the investigation of flow conditions near choking. 
From this investigation, fundamental information was 
obtained concerning the changes in the flow field and the 
nature of the wind-tunnel wall interference as choking is 
approached. 


R4. Experimental Studies of Detonation Velocities in 
High Explosives. D. P. MacDouGaLL, Naval Ordnance 
Laboratory.—The simple hydrodynamic theory of detona- 
tion waves predicts that the detonation velocity of a high 
explosive will be a single-valued function of its bulk density. 
In this simple theory, it is assumed that the chemical re- 
action rate is sufficiently fast so as not to affect the deto- 
nation velocity. Experimental observations show that 
detonation velocities are often functions of other variables, 
such as charge dimensions, grain size, etc. The deviations 
from the simple theory can be traced to the breakdown of 
the assumption concerning the speed of the chemical 
reaction. This paper is devoted chiefly to a discussion of 
these anomalies. An especially interesting case where the 
detonation velocity is found to depend on the particle- 
size distribution is described. 


RS. Design and Use of Tourmaline Gauges for Piezo- 
electric Measurement of Explosion Phenomena.* A. B. 
Arons,** R. H. Cotz,*** W. D. KENNEDy,f AND E. B. WIL- 
SON, JR., tt Underwater Explosives Research Laboratory.—The 
piezoelectric linearity, hydrostatic sensitivity, ruggedness, 
and stability of tourmaline allow the construction of a 
fairly sensitive, compact gauge for oscillographic recording 
of transient pressure waves. High impedance requirements 
and pyroelectric phenomena limit the applicability, meas- 
urement of slower pressure changes becoming increasingly 
more difficult. Gauges of this type have been used for 
shock wave measurements in both liquid and gaseous 
media, present designs yielding results of a high degree of 
reproducibility. Several tourmaline disks with electrodes 
on the active faces are sweated together on a central metal 
tab. The unit is mounted on low noise cable and is de 
signed in such a way as to allow minimum disturbance of 
the electrodes when connections are made. The size of 
gauge suitable for a particular measurement is a com- 
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promise between the requirements of sensitivity and high 
frequency response. The transit time of the pressure wave 
across the gauge must be small relative to the decay con- 
stant of the wave in order to allow faithful recording of 
the peak pressure. When errors of this type are less than 
15 percent, adequate correction can be made by multiplying 
the apparent pressure by (1+77/26), T being the transit 
time and @ being the decay constant. 


* This work was started under OSRD contract OEM-sr 569 and was 
subsequently continued under contract with the Navy Department, 
Bureau of Ordnance. " 

** Now at Stevens Institute of Technology, Hoboken, New Jersey. 

*** Now at University of Missouri, Columbia, Missouri. 

Now at Tennessee Eastman Corporation, Kingsport, Tennessee. 
sf Now at Harvard University, Cambridge, Massachusetts. 


R6. Spherical Shock Waves from Underwater Explo- 
sions.* R. H. CoLe, University of Missouri.—The shock 
pressure wave from spherical charges detonated under- 
water, which decays roughly exponentially with time at a 
given distance from the charge, is more rapidly attenuated 
with distance in its outward propagation than acoustic 
laws predict. The variations of initial (peak) pressure, 
impulse, and energy-flux density with distanCe and charge 
weight are in accord with the principle of similarity, or 
scaling law, derived from the hydrodynamical equations 
of motion. Experimental results, to be shown for TNT, 
verify qualitative predictions of the Kirkwood-Bethe 
theory** and are in reasonably good quantitative agree- 
ment with calculations made by Kirkwood and co-workers. 
Many of the theoretical and experimental results can be 
represented quite accurately by simple power laws in 
terms of charge weight and distance; e.g., peak pressure 
=constant X (W!/R)*, where W is charge weight, R dis- 
tance from the charge, and @ is a constant greater than 
the value unity for acoustic waves. 

*The ex ental work described was done by the Underwater 
Explosives Research Laboratory, Woods Hole Oceanographic Institu- 


tion, under OSRD contract OEMsr-569 and contract with the U. S. 


Navy Bureau of Ordnance. 
** J. G. Kirkwood and H. A. Bethe, “The Pressure Wave Produced 
by an Underwater Explosion,"” OSRD Rep. 588. 


R7. Underwater Shock-Wave Parameters Measured 
off the Ends and Perpendicular Bisectors of Line Charges.* 
J. S. Cotes anv P. C. Cross, Brown University anv R. H. 
CoLe, University of Missouri.—Pressure-time curves from 
piezoelectric gauges located on the extension of the longi- 
tudinal axis of a line charge off the initiating end (gauge 
position A), off the opposite end (gauge position B), and 
located in the bisecting plane (gauge position C) will be 
presented. Observed time phenomena are quantitatively 
explained by the geometry, detonation velocity (v), and 
shock-wave velocity through water (c), and the observed 
pressure-time function can be explained qualitatively. At 
position A, t;—t=Il(1/c+1/v), where ¢ is the arrival 
time of the first signal to reach the gauge, t, the arrival 
time of the signal from the charge element producing the 
final signal to reach the gauge, and / the charge length. 
For position B, t;—t;=1(1/c—1/v). For position C, at 
small charge-to-gauge distances (rc) for which ft, the 
arrival time of the signal from detonator end of the charge, 
is greater than 4, #;=(1/v)[1/2+(re/c)(v'—c)4]. The 








arrival time of the signal from the opposite end of the 


charge is t; =ty =to+-1/v. 


under Contract NOrd-9500 with the Woods Hole Oceano- 
graphic Institution, Woods Hole, Massachusetts. 


* This paper is based in whole or in part on work done for the Bureau 
of Ordnance 


R8. Underwater Explosion of a Cylindrical Charge. 
Harry Povacuek, Bureau of Ordnance. (Introduced by R. 
J. Seeger.)\—A numerical solution of the hydrodynamical 
equations describing the phenomena following an under- 
water explosion of a cylindrically shaped charge has been 
obtained. This was made possible because of a new and 
ingenious method for treating hydrodynamical problems 
involving shock waves which has been proposed by John 
von Neumann. Nevertheless, the computations were very 
lengthy, involving the use of International Business 
Machines for a long period of time; and the results are 
necessarily approximate. The pressure distribution at 
distances of about four charge radii from the explosion 
indicate a rather unexpected and interesting effect. At 
such distances the pressures on the sides of the cylinder 
are about twice as large as the pressures at points on the 
axis of the cylinder. No reliable experimental data is at 
present available for the above distances. However, meas- 
urements obtained by G. K. Hartmann with underwater 
pressure gauges at larger distances corroborate both the 
existence and the general magnitude of this effect. 


R9. The Behavior of Bubbles Produced by Underwater 
Explosions. B. FriepMAN, New York University.—When 
an explosion occurs under water, a large quantity of gas 
at high pressure is formed. This gas “bubble” alternately 
expands and contracts under the influence of its internal 
pressure and the opposing hydrostatic pressure. When it 
contracts, the bubble sends out a pressure pulse. As many 
as six such pulses have been observed experimentally. 
It is also found that the bubble rises under the influence of 
gravity, but is repelled by the free surface and attracted 
by the rigid bottom. A great deal of experimental work 
has been carried out to measure the pericd, pressure and 
migration of the bubble, both in free water and in the 
presence of free or rigid surfaces. A theoretical explanation 
of the behavior of the bubble is obtained under the assump- 
tions that the bubble is spherical, the water incompressible 
and the gas expands adiabatically. The theory predicts 
that the largest possible pressure pulse will be obtained if 
the bubble is at a rest point, that is, a point where the 
upward force of gravity is balanced by either the attractive 
force of the bottom or the repulsive force of the free surface. 
The agreement between theory and experiment is good. 


R10. Energy Parameters of Explosion Product Bubbles 
in Free Water.* EL1jaun Swirt, JR. AND JOHN C. Decius.— 
The energy contained in the bubble of product gases formed 
by an underwater explosion may be found from experi- 
mental measurements of the period of oscillation of the 
bubble or from its radius at maximum size. Piezoelectric 
measurements and high speed motion pictures (of half- 
pound TNT charges) have been made at such depths 
that the effects of surfaces were absent, with the purpose 
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of measuring bubble periods and radii simultaneously. The 
results show that the energy left in the bubble is about 
500 cal./g for TNT, which is approximately 48 percent of 
the accepted value of the detonation energy. From current 
theoretical considerations the potential energy of the 
bubble at its maximum size was calculated using the 
bubble period. This is compared with the value found 
from the radius, and the agreement shown to be satis- 


factory. 


* This paper is based in whole or in part on work done for the Bureau 
of Ordnance under Contract NOrd-9500 with the W. 
graphic Institution, Woods Hole, Massachusetts. 


oods Hole Oceano- 


R11. Experimental Measurement of the Upward Ve- 
locity of the Spray Dome Resulting from an Underwater 
Explosion. DoNALD A. WILSON, Underwater Explosives 
Research Laboratory.*—A systematic investigation has been 
made of the calculation of peak pressure from the measured 
upward rise of the spray dome when an explosive is 
detonated at varying shallow depths. The experimental 
work has included a series using small charges of a typical 
explosive in a small fresh-water pond and another series 
using engineer’s special detonators exploded in a three 
foot cubic tank filled with fresh water. The latter series 
has been extended to investigate the effect of varying 
surface tension on the dome velocity. Measurement of 
this velocity has been made photographically using either 
a “streak” camera or a high speed motion picture camera 
operating at about three thousand frames per second with 
photoflash illumination. 

General agreement with theory has been observed. 
There is a dependence upon surface tension not hitherto 
realized. There is no evidence of an initial velocity higher 
than that predicted theoretically. It is possible to arrive 
at an upper limit for the value of the tension necessary for 
the rupture of water at its surface. The method is a satis- 
factory approach to a measure of the absolute value of the 
peak pressure from an underwater explosion. 


* This paper is based in whole or in part on work done for the Bureau 
of Ordnance under Contract NOrd-9500 with the Woods Hole Oceano- 
graphic Institution, Woods Hole, Massachusetts. 


R12. A Rigorous Theory of Dimensional Analysis and 
Model Experiments.* J. C. Decius, Underwater Explosives 
Research Laboratory.—The laws of physical similarity for 
scaled hydrodynamical experiments have been developed 
from dimensional analysis by many workers for the various 
possible simplifications of the Navier-Stokes equation ac- 
cording as compressibility, viscosity, the acceleration of 
gravity, etc., can be neglected. In the general case, how- 
ever, no scaled model experiment is possible without 
varying the properties of the fluid or of the gravitational 
field. Two new approaches to dimensional theory have been 
made in order to present the laws of similarity from a some- 
what different viewpoint. The first of these is an explicit 
proof of the “‘x-theorem” from the point of view of the 
theory of invariants of continuous transformation groups. 
The second is a matrix scheme for determining the scaling 
laws together with a practical criterion for scaling. When 
the variables are classified as fixed, deliberately scaled, and 
dependent, the criterion is: m,.+r;=1.7, where n, is the 
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number of independent deliberately scaled variables, ry ig 
the rank of the matrix of dimensional coefficients of the 
fixed variables, and r,y is the rank of the matrix of dj. 
mensional coefficients of the fixed and the deliberately 
scaled variables. 


* This paper is based in whole or in part on work done for the Office 
of Scientific Research and Development under Contract OEMsr-569 
= the Woods Hole Oceanographic Institution, Woods Hole, Massa. 
chusetts. 


R13. Shock Wave on a Partly Submerged Plate. E. H. 
KENNARD, David Taylor Model Basin, Washington, D. C.— 
Consider the following problem. The vertical plane wall 
bounding a semi-infinite mass of stationary liquid is sud- 
denly set into motion toward the liquid with constant 
velocity U. A first approximation to the initial motion is 
obtained, using acoustic theory, by superposing a plane 
compression wave leaving the wall and a suitable distribu- 
tion of radiating dipoles on the free surface, reflected in the 
plane of the wall. The free surface is found to start 
moving upward with a velocity (2U/) log(sec8+ tang), 
B=cos~'(x/ct), where x=distance from wall, c=speed of 
sound, and ¢=time since the wall began moving. The 
motion is confined to a distance ct from the wall. Further 
extension of the solution is rendered difficult by the pres- 
ence of the singularity. The infinite velocity at the wall 
suggests, however, that in the true motion a thin film of 
liquid should crawl rapidly up the wall. In certain experi- 
ments performed for another purpose such a rising film 
appeared to occur on a vertical partly submerged steel 
plate subjected to the impact of an explosive shock wave 
upon the opposite side of the plate. Conclusive experiments, 
however, could not be made. 


S1. Impulsive Motion of a Thin Diaphragm in the 
Plastic Range. Grorce E. Hupson, New York Uni- 
versity.—When a shock wave of short duration is incident 
normally on a thin circular diaphragm held rigidly at its 
edge, the resulting motion of the diaphragm is such that its 
final shape differs considerably from that which it would 
attain if a steady pressure were applied. A simple theory of 
this motion leads to a good approximation to the shape of 
the diaphragm; its central deflection turns out to be pro- 
portional to the initial impulsive velocity imparted nor- 
mally to the diaphragm elements. This suggests the use of 
such thin diaphragms to measure impulsive velocities 
acquired by structures which are forced to move suddenly, 
as under an explosive loading. Such an instrument has been 
constructed and fulfills expectations. 


S2. Cavitation Produced by Shock Waves in Sea 
Water.* E. B. WILSON, JR., Harvard University, PAUL M. 
Fyre, Underwater Explosives Research Laboratory, AND R. W. 
Spitzer, Oregon State College.—‘‘Cavitation” in sea water, 
as evidenced by the formation of visible bubbles, occurs as 
the result of a tension in the water sufficient to rupture its 
internal continuity. Studies of this phenomenon have been 
conducted by means of microsecond-flash photography. 
When weak shock waves (peak pressures<1000 p.s.i.) 
impinge on 0.020-in. plastic air-backed diaphragms, 
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cavitation is produced in sea water by tensions no greater 
than 450 p.s.i. Moreover, an approximate theoretical in- 
terpretation of such experiments indicates that the re- 
quired tension is probably not more than 45 p.s.i. Reason- 
able assumptions as to interfacial tension show that the 
presence of nuclei, about 1 micron or greater in diameter; 
are sufficient to explain cavitation at these tensions. In- 
vestigations with dynamically loaded plane targets con- 
sisting of deformable air-backed diaphragms and air-backed 
“free” plates have confirmed theoretical predictions of 
Taylor, Kirkwood, and others which give criteria for the 
occurrence of cavitation. A simple theory for such targets 
has been developed which predicts the approximate volume 
within which the cavitation is contained. Photographic 
evidence is given for the formation of cavitation at water- 
air interfaces by shock waves of normal and non-normal 
incidence. 

ee St ee 2S at oe Se for the Office 
of Scien Research and 


t an ment under Contract OEMsr-569 
with the Woods Hole Oceanogra: Institution, Woods Hole, Massa- 
chusetts. 


S3. A Method of Measuring the Thickness of a Shock 
Front. DoNALD F. HorniG, Brown University —A method 
of determining the depth of the transition region in a shock 
front is proposed. By measuring the intensity and polariza- 
tion characteristics of light reflected from a shock front a 
very sensitive measure of the depth of the transition zone 
can be obtained. In contrast to other methods a discon- 
tinuity in pressure and density is the ideal case. For a shock 
front in nitrogen of amplitude 75 Ib./in.* and light incident 
at 45.5° a perfect discontinuity should show about 0.02 
percent reflection of the component polarized in the plane 
of the shock front (parallel component) and no reflection 
of the component in the plane determined by the line of 
light propagation and the perpendicular to the shock front 
(perpendicular component). A region of pressure transition 
as great as 0.1\ (A= wave-length of incident light) should 
show itself in two ways: (1) a reduction in intensity of the 
reflected light at all angles of reflection and (2) the produc- 
tion of elliptically polarized light if the incident beam is 
plane polarized at an angle of 45° to the plane, determined 
by the direction of light propagation and the perpendicular 
to the front and, is reflected at the polarizing angle. 


S4. Simple Diabatic Flows of Elliptic Type. Bruce L. 
Hicks, Ballistic Research Laboratories, A.P.G.—A variety 
of fields of diabatic flow can be described! by specifying an 
irrotational vector N=V/(g(N)RT)§=Vew. If g(N) is 
properly chosen the partial differential equation for ¢w is 
always of elliptic type. Uniplanar flows of elliptic type have 
now been studied for g(N)=2/(k®—N®*) corresponding to 
the partial differential equation 


Ven = —a[1+ (Ven)? Jon. 


For flows in which gy = ¢(r), r>ro, ¢(r)—>0 at infinity, the 
function ¢(r) is similar to the Bessel function Yo[(a)ir]. 
Accordingly ¢ and also the heat source function gw oscil- 
lates if a>0 or decays monotonically if a <0 as r increases 
indefinitely. For a <0 then fluid must flow across r= ro. For 
flows in which gy = ¢(r, 0), ro<r<r; the circle r=re may 
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correspond to a solid boundary for either sign of a. It 
appears that if a>0 it possesses eigenvalues which insure 
or prevent the existence of solutions of the partial differ- 
ential equation. For a <0 stagnation points can appear at 
interior points of the fluid. 


1B. L. Hicks, Bull. Am. Phys. Soc. 22, 22 (1947, No. 1). 


SS. Underwater Shock Wave Interactions with the 
Ocean Surface.* Paut C. Cross anp J. S. Cotes, Under- 
water Explosives Research Laboratory and Brown University. 
—The reflected wave from the ocean surface fails to be the 
negative image of an incident shock wave for one or more of 
the following reasons: (1) the transmission of a finite 
amount of energy through the surface, (2) the occurrence of 
cavitation behind the negative front, and (3) the instability 
of the simple two-shock solution for finite amplitudes at 
sufficiently oblique incidence. Under proper conditions of 
near-normal incidence, a piezoelectrically determined pres- 
sure-time curve will show exponential decay to a steep cut- 
off of the pressure to zero absolute at a time calculable from 
the shock velocity and the path difference between the 
direct and reflected rays from source to gauge. At suffi- 
ciently oblique incidence the pressure time record may be 
convex upward and show continuous decay to zero (or 
hydrostatic) pressure at a time greater than the calculated 
cut-off time. Cavitation may result in the vertical projec- 
tion of a “spray dome” at an initial velocity approximately 
proportional to the vertical component of the mass velocity 
imparted to the water by the incident and reflected waves. 
At low mass velocities the cavitated layers are apparently 
stabilized by reloading against the atmosphere. 


* This paper is based in whole or in part on the work done for the 
Office of Scientific Research and Development under Contract OEM-sr 
569 and for the Bureau of Ordnance under Contract Nord-9500 with 
jd Woods Hole Oceanographic Institution, Woods Hole, Mass- 

usetts. 


S6. A Photographic Method of Measuring the Peak 
Pressure and Duration of the Shock Wave from an Under- 
water Explosion.* R. R. HALverson,** Underwater Ex- 
plosives Research Laboratory.—By photographing a regularly 
ruled transparent grid mounted in such a way that the light 
reaching the camera from the grid is distorted by passage 
through the front of a shock wave from an underwater 
explosion, it is possible to determine the peak pressure and 
the duration of the shock wave from measurements of the 
distortion of the image of the grid. The explosive charge 
which gave rise to the shock wave was fired with a primacord 
detonating fuze, another branch of which fired the flash 
charge. In this way the time between the two explosions 
could be very accurately adjusted. Slides will be shown of 
photographs of the grid showing the discontinuities in the 
image at the shock front caused by the discontinuity of the 
refractive index of the compressed water. A quantitative 
theory of the phenomenon based on the refraction of the 
rays of light on passage through the shock front, where the 
refractive index is varying rapidly with position, has been 
worked out which enables the measurements of the pictures 
to be reduced to numerical values of the absolute pressure 
and duration of the shock front. The values obtained in a 
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few experiments of this type agreed quite well with those 

determined with piezoelectric gauges and by other means. 

* The work was done for the Office of Scientific Research and De- 

graphie In tt under Contract OEM-sr 569 with the Woods Hole Oceano- 
Institution, Woods Hole, Massachusetts. 

This paper will be read by Paul C. Cross. The investigations herein 


described were completed and reported in OSRD reports by Mr. 
Halverson before his death in September 1945. 


S7. Theory of Non-Steady Shock Waves. B. CassENn 
AND J. Stanton, Naval Ordnance Test Station.—It is shown, 
in general, that the instantaneous rate of decay or build-up 
of a shock front is simply related to the instantaneous 
pressure gradient in its immediate wake. The higher 
derivatives of shock velocity are also related to the higher 
derivatives of wake pressure. Accordingly, the experimental 
observation of the velocity of a shock wave as a function of 
time can be used to calculate the fluid motion following the 
shock front. This theory can be applied to plane and 
diverging waves of any strength in fluids for which the 
thermodynamic properties have been established. It has 
been applied to a study of the intense air shocks in the 
immediate neighborhood of detonating explosives as well as 
to the study of the decay of weak shocks approaching the 
acoustic limit. In this limit the relationship between rate 
of decay and the wake pressure ones is: 

6 yt 


6 4po® 





(3? shock "2s 


where 6 is the shock overpressure and n=0, 1, 2 for plane, 
cylindrical, and spherical shocks. 


S8. Low Velocity of Detonation in Nitroglycerin and 
Other Liquid Nitric Esters. R. W. Lawrence, Hercules 
Powder Company.—It has long been known that detonation 
of nitroglycerin and other liquid nitric esters can take place 
at a high velocity or at a low velocity, depending on the 
strength of initiation (for nitroglycerin 7700 m/sec. and ca. 
1600 m/sec., respectively). Studies with a high speed 
rotating-drum camera have shown that the low velocity 
detonation generally takes place in two stages, resulting, 
apparently, in the production of two successive detonation 
waves occurring from 10 to 40 microseconds apart, de- 
pending on the explosive. The low velocity of detonation 
increases with decreasing density in contrast to the high 
velocity, which varies directly with the density. When 
these explosives are detonated at the low velocity, with 
relatively light confinement, the reactions are not entirely 
complete, as indicated by analysis of the fumes. The lower 
the low velocity of detonation, the less complete is the 
detonation. Consequently, it is believed that the two suc- 
cessive detonation reactions involve a relatively incomplete 
decomposition. 


S9. Microbarographic Waves at Great Distances from 
Explosions. Everett F. Cox, Naval Ordnance Labora- 
tory.—Charges detonated for Army-Navy Explosive Safety 
Board tests at Arco, Idaho, October 1946, produced pres- 
sure waves recorded by subsonic frequency (»<2 c.p.s.) 
microbarographs 141, 182, 292, and 452 km distant. The 
U. S. Weather Bureau and Army Weather Service em- 
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ployed special balloons yielding temperature and wing 
distributions to 27 km mean altitude. Both normal and 
abnormal! signals were recorded at 182 and 292 km; no 
clear abnormal signals were observed at 141 km. The 
largest recorded signal at 182 km was an abnormal velocity, 
3-cycle wave train 220 dynes cm~* peak-to-peak pressure, 
from a 125-ton blast. No consistent signal travel-time 
differences resulted from changing charge weight between 
3.2 and 250 tons TNT, nor were signal strengths predictable 
from charge weight. Incidence angles of rays descending at 
182 km are unknown, but this distance approximates the 
inner boundary of the abnormal audibility zone at this 
season. Calculations assuming a constant positive tempera. 
ture gradient above each highest point of observed tem- 
perature, and neglecting wind, establish 34 km as a mini- 
mum altitude at which ground temperature could be 
reached. 


1B. Gutenberg, Handbuch der Geophysik 9, 89 (1932); Bull. Am. 
Meteor. Soc. 20, 192 (1939); J. Acous. Soc. Am. 14, 151 (1942). 


U1. The Palletron, a New Electron Resonator and Its 
Proposed Application to the Generation of Potentials in 
the Million-Volt Range. A. M. SKELLETT, National Union 
Radio Corporation.—The kind of electrostatic field in which 
an electron or ion will follow simple harmonic motion is 
shown to have a parabolic potential distribution. A gap at 
the center of this field provides a means for exchange of 
energy between the electrons and the associated circuit. If 
energy is taken from the electrons the device provides an 
oscillator of high efficiency ; if energy is given to the charged 
particles either a particle accelerator or a voltage generator 
is produced. Both kinds of device have been operated 
successfully. The design of a proposed voltage generator for 
the million volt range using electrons will be described. 
Advantages are high efficiency, small size, and elimination 
of corona troubles because of operation in a vacuum. A 
cylindrical construction is used with a gap at the center for 
the application of radio frequency energy. The electrons 
start out in the gap and oscillate back and forth in the two 
cylindrical halves with increasing amplitude until they 
reach the collectors at the extremities. Here they maintain 
the high negative voltage by replenishing the charge. 
Experimental results on a small model will be given. 


U2. The Double Focusing Beta-Ray Spectrometer. 
FRANKLIN B. SHULL AND Davip M. DENNISON, University 
of Michigan.—The double focusing spectrometer recently 
proposed by Siegbahn and Svartholm! has been analyzed 
and compared with the conventional semicircular spec- 
trometer. A shaped magnetic field is required which 
possesses cylindrical symmetry as well as symmetry with 
respect to the median plane of the instrument. The 
magnetic field in the median plane is assumed to have the 
form H = Hy—(r—a)aHo/a+(r—a)*BHo/a*, where a and B 
are experimentally disposable shaping constants. The 
analysis, which has been carried through the second order 
of approximation, shows that double focusing occurs when 
a= 4. In general there will exist for all types of spectrome- 
ters second order defocusing terms which tend to lower the 
resolving power. However, these may be almost completely 
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eliminated in the double focusing spectrometer by choosing 
p=t. Calculations have been made to determine the form 
of the focused image for a semicircular spectrometer and 
for several cases of the double focusing spectrometer. It 
becomes evident that when a=} and §=} the intensity of 
the image as well as the resolving power become many 
times greater than for the former type of instrument. 


1Siegbahn and Svartholm, Nature 157, 872 (1946). 


U3. A Magnetic Lens Beta-Ray Spectrometer. E. QuaDE 
anp D. HAtiipay, University of Pittsburgh.—An iron-free 
beta-ray spectrometer has been constructed with a maxi- 
mum power rating of 4 kw corresponding to an upper limit 
of 4.5 mev §-particles. The vacuum chamber, which is 
aligned with the earth’s magnetic field, is 8 inches inside 
diameter and 36 inches long. No special cooling provisions 
are required for the above power rating. The coil is split 
into four sections (90 pd each) which may be placed at 
various positions along the axis of the instrument. In 
accord with an approximate focusing theory which will be 
presented, a set of positions was found yielding minimum 
spherical aberration. Aberration tests were made using a 
cathode beam and fluorescent screen in place of the custom- 
ary radioactive source and Geiger counter. The spherical 
aberration was found to be 7 percent for electrons traversing 
the outermost path and <2 percent for those whose maxi- 
mum path deviation from the axis was half of that for the 
outermost path. (Aberration for a given path is here defined 
as 100([>—J)/Io where Io is the current which focuses an 
axial ray and J that which focuses rays of the path con- 
cerned, all particles having equal momentum.) These 
values compare favorably with published values for other 
instruments. Some preliminary results dealing with the 
beta- and gamma-ray spectra of the fission product Cs'*’ 
will be presented. 


U4. Properties of Ion Counters Operating at Low Poten- 
tials.* J. A. Stmpson, JR., University of Chicago.*— 
Characteristics and operating conditions of low voltage 
G-M and proportional counters have been studied. These 
counters have operating potentials ranging from approxi- 
mately 130 volts to 250 volts, representing gas pressures 
ranging from 5 to 50 cm Hg. The reduction in operating 
potentials is obtained by using gas mixtures which possess 
anomalies in their electrical discharge characteristics. 


* Part of this work was done under a contract with the Manhattan 
District Engineers. 


US. Fluctuations for Proportional Counters. HARTLAND 
S. Snyper, Northwestern University —The mean square 
deviation, (Ah)*, in the height, 4, of the output of pulse of a 
proportional counter is calculated. The result is (Ah)? 
= 2h?/n in which h is the mean height of the output pulses, 
and # is average number of ion pairs produced in the 
counter by the primary ionizing particle. The assumptions 
on which the above formula is based are: (1) The primary 
particle has a constant probability per unit path length of 
producing a low energy secondary electron. (2) The 
secondary electrons multiply by the process of producing 
other secondary electrons in the gas. Processes in which a 








secondary electron produces a multiply ionized ion are 
neglected. (3) The mean energy gained by an electron from 
the field per mean free path is small compared with the 
ionization energy. (4) Production of secondary electrons by 
any other process, such as positive ion processes, are 
neglected. 


U6. A General Method for Determining Coincidence 
Corrections of Counting Instruments.* Truman P. Kon- 
MAN, University of Chicago.—A previously described 
method! for determining coincidence corrections as a 
function of counting rate from multiple paired source 
measurements by successive graphical approximations has 
been replaced by a more convenient computational method. 
The relationship between the recorded rate (R) and the 
“true” rate (NV) is expressed as the first few terms of a 
power series: 


N=R+rR*+vR*+ eRt+= =>, 


where r is the resolving time and v, ¢, --- are independent 
parameters. The values of the parameters which most 
adequately correlate the multiple paired source data are 
determined by a least-squares method. Criteria for de- 
termining the number of parameters required are given. 
Two must generally be computed, although one is some- 
times’ sufficient and three are occasionally required. 
Satisfactory results have been obtained for several types of 
G-M and alpha-counters. The significance of the resolving 
time and related quantities is discussed. 

* This work was done at the Hanford oS Works under the 
auspices of the E. I. duPont de Nemours y and the Manhattan 
a District. To be published in wtiac PPR. Vol. 8B. 


P. Kohman, Phys. Rev. 65, 63 (1944); Rev. Sci. Inst., to be 
published. 


U7. A Diode Coincidence Circuit. J. D. SuipMan, Jr., 
B. How_anp, AND C. A. SCHROEDER, Naval Research 
Laboratory.—A coincidence circuit has been developed 
which uses diodes instead of pentodes as the basic elements. 
For an n-fold coincidence the circuit consists of n-diodes 
with their anodes connected together, the junction being 
connected to a positive supply voltage through a large 
resistor. The cathodes are separately grounded through 
small resistors. When a coincidence occurs the cathodes of 
all diodes are pulsed positively by cathode followers and an 
output pulse appears at the diode anodes having the same 
character as those at the input. It may be used as an input 
in further coincidence circuits. This decreases the number 
of tubes whenever a given Geiger counter is used in several 
events. In the circuit regularly used, a fourfold event 
produces a 15-v output pulse while a threefold partial 
coincidence produces 0.4 v. Resolving times are ~5 ysec. 
Anticoincidence is also obtained in simple fashion using 
diodes. 


U8. Low Voltage Self-Quenching Counters. S. H. 
Liesson, Naval Research Laboratory.—Counters filled with 
small percentages of the halogens, bromine or iodine, mixed 
with the inert gases, neon or argon, at total pressures of 
about 10 cm Hg, exhibited thresholds in the neighborhood 
of 200 volts with plateaus extending approximately 100 
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voits. Pulse size, efficiency, life, and quenching charac- 
teristics were similar to those obtained with argon-alcohol 
Geiger-Mueller counters filled with a ten percent mixture 
to total pressures in excess of 10 cm Hg. The percentages of 
halogens required to make good counters are about the 
same as the optimum concentrations reported ' for quenching 
metastable states in the rare gases. 

1F, M. Penning, Zeits. f. Phys. 43, 335 (1927). 


U9. Two New Methods for Observing Nuclear Radio- 
frequency Resonance Absorption.' ARTHUR ROBERTS, 
State University of Iowa.—In the first method, the tank coil 
of a superregenerative oscillator is placed in a magnetic 
field and a water sample inserted in the coil. If the magnetic 
field is varied, the output of the oscillator will be strongly 
modulated each time the field passes through the resonant 
value for proton absorption. Since the spectrum of the 
superregenerator contains many sidebands separated by 
the quench frequency, there will be output signals for 
values of the magnetic field corresponding to each sideband. 
The response to the carrier can be identified by varying the 
quench frequency. A somewhat less sensitive detector is 
obtained by substituting for the superregenerator a simple 
regenerative circuit adjusted so that it is just oscillating. 
Since the spectrum is now simple, there are no sidebands. 
The sensitivity of this method is at present limited by the 
incompatibility of the requirement of the oscillator for a 
minimum grid drive, and the maximum power limitation 
set by saturation of the proton absorption due to the 
relaxation time. 


1 Purcell, Torrey, and Pound, Phys. Rev. 69, 37 (1946); Bloch, 
Hansen, and Packard, Phys. Rev. 69, 127 (1946). 


V1. On the Independence of Energy Released from the 
Atom of Surrounding Atmospheric Conditions. R. A. 
CASTLEMAN, JR., Washington, D. C-—When energy, say for 
industrial purposes, is released by means of chemical com- 
bustion, there is a regrouping of more or less complete 
atoms from the molecule with those of oxygen to form new 
molecules. If these oxygen atoms are not contained in the 
molecule in sufficient quantity, they must be derived from 
another source. This source is usually the surrounding 
atmosphere, so chemical combustion depends on the state 
of the atmosphere. It is suggested that, if the energy were 
released by means of a physical reaction which took place 
entirely within the atom, the presence of the atoms of no 
other element would be necessary to act as complement, so 
that the reaction would take place entirely independently 
of the state of the atmosphere. This principle has particu- 
larly important applications in aviation. 


V2. A Precision Calorimeter for Gaseous Heat Capaci- 
ties. Pau F. Wacker, RutH K. CHENEY, AND RUSSELL 
B. Scott, National Bureau of Standards. (Introduced by 
Harold J. Hoge.)—In an easily constructed flow calorim- 
eter, the heat losses are so small that no correction or 
extrapolation to infinite flow is necessary. This is accom- 
plished by a thermostated radiation shield and other 
details of design and reduces the experimental work re- 
quired. Further simplification in operation is achieved by 
the use of a thermocouple instead of resistance thermom- 
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eters for measuring the temperature rise, which can be 
measured with an accuracy of one part in 5000. In order 
to insure that there was no consistent error, the heat 
capacity of oxygen (which is accurately known from 
spectroscopic data) was measured in the apparatus at 
—30, +40, and +90°C. The experimental and spectro. 
scopic values agreed within 0.06, 0.02, and 0.10 percent 
at these three temperatures. The apparatus has been 
used to determine the heat capacity of isobutane at —30, 
0, 40, and 80°C and of 1-butene at 40 and 90°C. Measure. 
ments of the specific heats at two or more pressures per- 
mitted the calculation of (d?V/dT*?) ». 


V3. Circuits for Controlling the Power Supplied to ¢ 
Calorimeter. HAroLp J. HoGe, National Bureau of Stand- 
ards.—At the beginning of a heating period, there may 
be rapid changes in the e.m.f. across a calorimeter heater 
and the current through it, due to a rapid rise in heater 
resistance, R. This makes it desirable that the fractional 
changes in E and J be equal and opposite so as to com- 
pensate and leave the power W=E/ unchanged. Mathe- 
matically, we require that dW/dR=0. It is well known that 
a simple series circuit satisfies this condition if the total 
circuit resistance is made equal to 2R, but this entails 
some sacrifice in ease of adjustment. Let U be the resist- 
ance of any controlling circuit or network across which 
R is connected. Then it can be shown by application of 
Thévenin's theorem that dW/dR=(W/R)(U—R)/(U+R). 
The resistance U may consist of any number of linear 
branches, so long as each branch obeys Ohm’s law, and 
may contain any number of e.m.f.’s. This general result, 
which is applicable to any branch of the network, does 
not appear to have been previously given. Several relatively 
simple resistance-controlled circuits have been devised 
for varying W which at the same time allow dW/dR to be 
kept equal to zero. 


V4. Measurements of Heat of Vaporization and Heat 
Capacity of a Number of Hydrocarbons. D. C. GINNINGs 
AND N. S. OsBorNE, National Bureau of Standards. (Intro- 
duced by F. G. Brickwedde).—A new calorimeter has been 
constructed for measuring heats of vaporization and heat 
capacities of small liquid samples. Using an elaborate 
heat-distributing system of low heat capacity, this calorim- 
eter provided rapid thermal equilibrium without stirring. 
Heat leak was minimized by providing an evacuated 
space and a thermal shield on both the sample container 
and its protecting envelope. These shields provided essen- 
tially isothermal surfaces, regardless of temperature 
gradients in the sample container and its envelope. Plati- 
num resistance thermometers and thermoelements were 
used to measure temperatures. Using materials of the 
highest obtainable purity, measurements were made of 
the heat capacities of twelve hydrocarbons in the range 5 
to 45°C, and of the heats of vaporization of fifty-nine 
hydrocarbons at 25°C. These hydrocarbons, possessing 
from 5 to 10 carbon atoms, included 35 aliphatic, 11 
aromatic, and 13 alicyclic compounds. Experiments with 
water indicate that the calorimeter is capable of a few 
hundredths of one percent accuracy. 
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Vs. Heat Capacities of Some Solids and Liquids at 
High Temperatures Using an Ice Calorimeter. R. J. 
Corruccint AND D. C. Ginnincs, National Bureau of 
Standards. (Introduced by F. G. Brickwedde).—An ice 
calorimeter has been constructed which measures rather 
large quantities of heat (up to 25,000 joules) at 0°C with 
a precision of better than 0.01 percent. It has been used 
in determinations of high temperature enthalpies. The 
method consisted of heating the sample in a furnace to a 
known temperature and dropping it into the ice calorimeter 
to measure the heat evolved in cooling the sample to 0°C. 
The highest temperature attained was 900°C. The accuracy 
was estimated to be about 0.2 percent with certain ex- 
ceptions. The enthalpies (referred to 0°C) of uranium, 
uranium trichloride, uranium tetrachloride, aluminum 
oxide, p-xylene, and isopropyl alcohol have been deter- 
mined. Derived values of specific heat and entropy were 
obtained. The two first-order transitions of uranium near 
668° and 774°C, respectively, were observed and the 
heats of transition calculated from the experimental data. 
The heat capacity of a-uranium rises rapidly to nearly 12 
calories per gram atom at the first transition, while the 
heat capacities of the 8 and y forms are constant within 
experimental error, being 10.15 and 9.15, respectively. The 
aluminum oxide (corundum) was investigated with a view 
to its use as a calorimetric standard substance of accurately 
certified enthalpy. It seems ideally suited for this purpose. 


V6. The Triple Point of Water as a Fixed Point on the 
International Temperature Scale. H. F. Stimson Anp C. S. 
CraGoE, National Bureau of Standards.—The ice point on 
the International Centigrade Scale of temperature is 
defined as the “temperature of equilibrium of ice and air- 
saturated water at normal atmospheric pressure, 0.000°C.” 
With care the temperature of an ice bath can be made 
reproducible within 0.001°C but if greater accuracy is 
demanded it has been found simpler to use a triple-point 
cell. Triple-point cells have been made and the technique 
of operation developed for attaining a reproducibility of 
0.0001°C. A somewhat similar cell, which had provision 
for saturating the water with air at atmospheric pressure, 
was made for attaining the ice-point temperature according 
to definition. One comparison of these cells gave a differ- 
ence in temperature between the ice point and the triple 
point of 0.00997°C. This value is considered to be within 
the experimental error of the value 0.00993°C computed 
from the lowering by pressure (0.00749°C) and by air 
solubility (0.00244°C). It is recommended, therefore, that 
the zero of the centigrade scale be defined as 0.0100°C 
below the temperature of the triple-point of water. 


V7. The Effect of Fermi Resonance on the Thermo- 
dynamic Functions of Gaseous CO;. HAROLD W. WOOLLEY, 
National Bureau of Standards.—In calculating thermo- 
dynamic functions for CO:z, Fermi resonance effects must 
be included. This resonance between different vibrational 
states, due to approximate equality of the fundamental »; 
with 22, causes large perturbations. Resonating levels 
occur not merely as pairs but in groups of all sizes. Except 
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for the limit set by dissociation, the number of such groups 
would be unlimited. To evaluate all » levels in any one 
group requires that the roots of an mth order secular 
determinant be found. For high temperature calculations 
the solution of the great number of determinants required 
would be very laborious. However, by studying relations 
which the roots of the determinants satisfy, a straight- 
forward evaluation of the major effect of Fermi resonance 
on thermodynamic functions is made without solving any 
determinant explicitly. The result, expressed as relative 
increase in the partition function, is 


4Q/Q= (1/2) (he/kT)*We Pe~2ua( 1] — e~2"2)—1(] —e~™2)~? 


where W, is 50.4 cm™ and ws represents Acv:/kT, with 
v2 = 667.3 cm™. 


V8. A Quantitative Experiment on the Rotation of 
Electrolytes in a Magnetic Field. Toomas A. Peris.*— 
Zeleny and Page’s work' has been extended in the theo- 
retical and experimental investigation of the torque 
exerted on an electrolyte placed in a vertical magnetic 
field and through which a radial current is flowing. The 
rotation of the fluid was tentatively ascribed to the electro- 
magnetic force F = (1/c)pvXH and the theoretical deriva- 
tion gave L(dyne-cm) =0.1064 i(amp.) H(oersteds) for 
the expected torque on a disk held in the electrolyte by a 
suspension strip. Data for both CuSO, and Cu(NO,), at 
different concentrations verified the theoretical inde- 
pendence of the effect from viscosity. Two containers 
were used, one providing a continuous electrical path 
through the magnetic gap, the other having a glass bottom. 
The theoretical expression was verified in all cases within 
an estimated experimental error of one percent. It was 
concluded that no new assumptions such as a flow of 
magnetic current? were needed to account for the observed 
effect. 


io and L. Page, Phys. Rev. 40, 299 (19. 
Ehrenhaft, ae Rev. 63, 461 (1943), a re (1943), 65, 62 
(1944), 65, 256 (1944). 
* Now at the David Taylor Model Basin, Carderock, Marylan 
Experiments performed at + University, in partial Fatfitlerene. Si 
the requirements for the Ph.D. 


V9. Conductivity of Aluminum Sulphate with Aluminum 
Electrodes in Magnetic Field. GzorGe Antonorr, Ford- 
ham University—Aluminum sulphate solution with alu- 
minum as anode does not conduct. A battery of 45. volts 
showed at the poles no drop of potential. However, in a 
magnetic field the potential dropped to about 10 volts, 
current began to pass and aluminum began to decompose 
anodically. It was found coated with a deposit of hydroxide 
of somewhat unusual appearance. This fact appears to 
contradict the theory that aluminum does not conduct 
anodically because of formation of a film of oxide. Electro- 
magnet was of the type described by Ehrenhaft.' The 
magnetodes of 8 mm diameter, in glass tubes of 0.3 mm 
thickness 3 mm apart were surrounded by a solution of 
aluminum sulphate. Aluminum electrodes placed outside 
them touched the glass. Strength of the magnet was 
about 2000 gauss. 


1 Phys. Rev. 63, 461 (1943). 
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V10. Ultrasonic Absorption in Liquids from 100 to 225 
Mc/sec.* RoBert A. RAPUANO, Massachuselts Institute 
of Technology. (Introduced by C. Kittel.)—Information 
regarding relaxation processes can be obtained from a 
study of the frequency dependence of the absorption of 
ultrasonic waves in liquids. A research program has been 
started to extend the upper limit of absorption measure- 
ments in liquids above 90 Mc/sec.' A transmitter and 
receiver working up to 250 Mc/sec. have been constructed 
and operated. The transmitter is a pulsed, self-controlled 
oscillator driving a quartz crystal with a fundamental of 
15 Mc/sec. The receiver is a superheterodyne made up 
from an APS-10 i-f strip and an APR-4 tuning head. 
Preliminary measurements by means of pulse-echo tech- 
niqué have been made. The pressure absorption coefficient 
in water is approximately proportional to the square of 
the frequency over the range 75-225 Mc/sec. and has the 
average value a=20.5X10-"f?-cm™ near 25°C, in good 
agreement with values taken at lower frequencies. Measure- 
ments on other liquids will be reported. 


* This work has been supported by the joint Army-Navy Contract 
W-36-039 sc 32037. 
1A, Lindberg, Physik. Zeits. 41, 457 (1940). 


V11. Surface Tension of Glass in the Neighborhood of 
the Strain Point. H. B. Law, RCA Laboratories—In 
working with lime glass diaphrams mounted on metal 
rings for the image orthicon television camera tube! it 
has been found that the glass flows an appreciable amount 
as a result of surface forces at a temperature 100°C below 
the strain point of 475°C if the thickness of the glass is of 
the order of 0.0001”. The use of very thin glass accentuates 
the effect of surface tension and makes possible its measure- 
ment at values of temperature much below the softening 
point. At least three methods of measuring surface tension 
are available. First, determine the load on a very small 
fiber that produces no extension or contraction in length. 
Second, observe the rate of contraction of a very small 
fiber under the action of its surface tension alone, and at 
the same time the rate of extension of a loaded fiber. 
Third, determine the tension in a thin glass diaphram by 
exciting its fundamental frequency. Prelimiffary results 
indicate the surface tension of glass below the strain point 
is higher than expected. 


1A. Rose, P. K. Weimer, and H. B. Law, “The image orthicon— 
.awe television pick-up tube,"" Proc. I.R.E. 34, 424-432 (July, 


V12. Temperature Dependence of the Dynamic Modu- 
lus of Rubber.* A. W. Note, Massachusetts Institute of 
Technology.—Measurements of the dynamic elasticity of 
vulcanized natural rubber, made at the M.I.T. Acoustics 
Laboratory and at the University of Notre Dame, have 
indicated that at audio-frequencies the extensional elastic 
constant does not increase in proportion to the absolute 
temperature as would be required by the Guth-James 
theory of rubber. The present paper introduces data which 
show that the temperature effect is a function of frequency, 
and that a transition from proportional temperature 
dependence to inverse temperature dependence of the 
elastic constant occurs as the frequency of measurement is 


increased. The change occurs at a frequency of the order 
of one cycle per second. The dissipative coefficient is algo 
investigated, and is found to decrease with increasing tem. 
perature at all frequencies of measurement. The propor. 
tional temperature dependence of elastic modulus, as 
required by the Guth-James theory, is not found for any 
frequency at temperatures much below 0°C. This result 
may be attributed to the onset of crystallization or to 
other ordering effects not contemplated in the theory, 
The phenomena considered in this paper are associated 
with variational elongations of 1 percent or less, and do 
not necessarily apply for long extensions. 

* This work is one of the results of research carried out by the 


Massachusetts Institute of Technology Acoustics Laboratory under 
contract with the Bureau of Ships, Navy Department. 


W1. Importance of Potential in Maintaining a Luminous 
Spark in CuSO, Solutions. Hucu F. Henry, University 
of Georgia.—A luminous spark may be initiated at the 
anode by application of an impulsive high potential across 
electrodes immersed in a CuSQ, solution.' If the electrodes 
are sufficiently separated, the spark will not bridge the 
gap and produce breakdown but will stop after traveling 
a certain distance. The velocity of the spark in the liquid 
depends upon the applied potential, the interelectrode 
gap, and the solution concentration. However, it was 
found that the potential across the gap when the luminosity 
ceased was about 15 kv in all cases measured. Measure 
ments were made for applied potentials of 20 kv, 25 ky, 
and 30 kv, for interelectrode gaps of 20 to 80 mm, and for 
solution concentrations of .0125N to .0625N. The potential 
across the gap when luminosity ceased was determined 
from measurements of the maximum lengths of the spark 
streamers produced and the velocities of those sparks. 
The electrodes were rounded, conically shaped copper rods, 
and the impulse generator was a .25 mf condenser charged 
through a transformer-rectifier circuit and discharged 
through the cell through a spark gap switch. 


1 Hugh F. Henry, Phys. Rev. 69, 693 (1946). 


W2. The Positive Ion Transient in Townsend Discharge 
Tubes. R. R. Newton, Bell Telephone Laboratories.— 
When a pulse of electrons is passed through a Townsend 
discharge tube, positive ions are formed in the space 
between the electrodes. These ions drift toward the 
cathode, and some of them eject electrons from the cathode 
upon impact. These electrons form new ions, which form 
more electrons, and so on. In this way, a transient current 
is set up in the tube. The form of this transient is analyzed, 
and it is shown how, at least in principle, the first and 
second Townsend coefficients for the tube can be deter- 
mined from the transient. 


W3. Motion of Low Pressure Arc Spots in Magnetic 
Fields. R. L. Loncin1, Westinghouse Research Laboratories. 
—The observed motion of arc spots in a direction contrary 
to that predicted by applying Ampere’s Law to the interac- 
tion of current and field is explained on the basis of Lang- 
muir’s field theory of the spot. This field results from space 
charge between plasma and cathode. Though electrons have 
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only a secondary effect on the electric field magnitude, they 

determine where its maximum is located. Since emission 
is a sharply increasing function of electric field, the spot 
js located at the field peak. Ions moving toward the cathode 
and electrons moving from it will produce opposite field 
components at the cathode, the ion field predominating 
due to high ion density. Both fields will be displaced in 
the same direction by a tangential magnetic field with the 
electron displacement being hundreds of times the ion 
displacement. With the magnetic field the electrons no 
longer neutralize the ions symmetrically resulting in the 
net field having a peak displaced in the opposite directions 
from the electron and ion displacements. The theory 
demands reversal of the effect for strong magnetic fields, 
an effect which has also been observed. 


W4. The Voltage Stabilization Properties of the Con- 
tinuous Corona Discharge. I. H. BLiFForD (Introduced by 
H. Friedman) AND H. FRIEDMAN, Naval Research Labora- 
tory.—The positive wire continuous corona discharge be- 
tween coaxial cylinders provides adequate voltage regula- 
tion for use with G-M counters,’ cathode-ray devices, and 
electron diffraction cameras. The supply voltage is applied 
to the corona tube through a resistance R. If K is the slope 
of the corona current-voltage characteristic, the stabiliza- 
tion ratio is approximately K/R. Both firing voltage and 
K, depend on the nature and pressure of the gas, and the 
electrode dimensions. K was about 100,000 ohms for a 
1000-volt hydrogen filled regulator tube having the follow- 
ing dimensions: length, 10 cm; cathode diameter, 1.0 cm; 
anode diameter, .050 cm. The stabilization ratio was one 
percent at 100 microamperes load. A 3-inch cathode and } 
inch anode, 20 inches long, were used in a 40,000 volt air- 
filled tube which regulated to 2 percent at 100 micro- 
amperes. An electronic stabilizer, employing this tube as 
the reference potential for a degenerative triode amplifier, 
in the manner described by Brown, regulated to 0.1 
percent at 40,000 volts, for loads up to ten milliamperes. 


1G. Medicus, Zeits. f. tech. Physik 14, 304 . 
2S. C. Brown, Rev. Sci. Inst. 17, 543 (1946 


WS. Notes on Impulse Corona Studies in Air. H. J. 
HALL, Research Corporation.—Some characteristics of im- 
pulse corona have been investigated in air at atmospheric 
pressure (Temperature 22-25 degrees C), with discharges 
from wires in cylindrical and parallel plane electrodes. 
Positive and negative pulses up to 60 kv and of duration 
one to two microseconds have been used at repetition 
rates of 250 to 2000 pulses per second. Current-voltage 
curves for negative impulse corona show marked space- 
charge effects which are strongly influenced by voltage 
wave shape and wire size. At high voltages definite glow 
discharge characteristics with negative leaders are also 
present. For fine wires negative impulse corona extends in 
a diffuse glow for a considerable distance around the 
discharge electrode at voltages well below the sparking 
point. Both the visible corona diameter and the sparking 
voltage approach twice that obtained with negative d.c. 
With positive impulse corona, the current tends to occur 
in the form of bursts. As the voltage is raised the glow 








rapidly fills the whole space between the electrodes. 
Propagation is mainly confined to streamers. The sparking 
voltage is considerably lower than that for negative im- 
pulses. Photographs showing comparisons with negative 
d.c. corona, including sparking phenomena, will be shown. 


W6. Ambipolar Diffusion of Ions and Electrons. J. 
SLEPIAN AND W. M. BruBAKER, Westinghouse.—Particles 
diffusing into a circular cylinder from one end, and dis- 
appearing at the walls should obey the relation 


n/me=exp(-2.40[>*] 2) (1) 


where n, mo, z, and r have their suggested significance, and 
D, and D, are the radial and axial diffusion coefficients, 
respectively. For electrons and ions in a gas, Schottky 
has given a theory, based on the assumption that the 
electrons and ions influence each other only through the 
electric field set up by the average (in space and time) 
space charge, according to which, in an otherwise field 
free space, the electrons and ions diffuse together with a 
common, “ambipolar,” diffusion coefficient. Extension of 
the theory to include an axial magnetic field, H, makes 
the ratio of the “ambipolar” diffusion coefficients, Dre/Dys 
vary as 1/(1+,k,H"*), where k, and k, are the electronic 
and ionic mobilities, respectively. Experiments in neon at 
pressures ranging from 2.7 mm to 0.03 mm, and in mag- 
netic fields up to 1600 gauss show that in (1) D,/D, is not 
constant and equal to 1, and that the magnetic field does 
not produce its expected effect, either in magnitude or in 
its form of functional dependence on -H. These results 
indicate that the influence of the ions and electrons on 
each others’ average motions implies a powerful interaction 
between electrons and ions in a plasma. The source of 
this interaction is probably to be sought in the so-called 
plasmoidal oscillations. 


W7. Measurement of the Decay Time of Short-Lived 
Metastable States. LEON MADANSKY AND M. L. WIEDEN- 
BECK, University of Michigan.—A method is being de- 
veloped which can be used to measure lifetimes of meta- 
stable states ~10~’ second. In this system, the initiation of 
the discharge in one Geiger-Miiller counter sets off a single 
sweep on an oscilloscope while the pulse from a second 
counter is applied to the vertical plates. By observation of 
the vertical pulses one can then determine the decay period 
of the metastable state. The “‘delay”’ time can be varied by 
changing the sweep time. This method is at present limited 
by the fluctuations between the time of ionization and the 
triggering of the oscilloscope. This time was found by 
discharging both counters with a single particle and with 
our present counters and circuits is 10~’ second. However it 
seems possible that this may be decreased considerably. 
Using the method described above, the 22-microsecond 
lifetime of Ta'*'* has been observed.' In addition, the 
highly converted 0.4 Mev y-ray of Au'* appears to decay 
with a lifetime ~(0.2-0.3) microsecond. 

Absorption of the Hf'*' 8-particles in aluminum gives an 
upper limit of 0.45 Mev while y-rays of energies 0.52, 0.30, 
and 0.07 Mev were found by absorption in Pb and Al. From 
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the intensities observed, the 7 transitions in Ta'*' appear to 
be in cascade with the 0.07 Mev line being the K radiation 
from Ta following the internal conversion of the 0.30 Mev 
y-ray. 

1S, DeBenedetti and F. K. McGowan, Phys. Rev. 70, 569 (1946). 


WS. Internally Converted Gamma Rays from the Heavy 
Elements. J. M. Cork, R. G. SCHREFFLER, AND A. 
WEAVER, University of Michigan.—The study of the 
gamma-radiation that is emitted by heavy radioactive 
isotopes and internally converted is being continued. The 
photographic method is employed in connection with 
magnetic semicircular focusing spectrometers. Hafnium,'* 
tantalum,'™ gold, iridium™ and thallium** have been 
obtained from the Oak Ridge pile. While thallium shows no 
converted gamma-ray and gold only one, hafnium and 
iridium, like tantalum (previously reported) yield a 
multitude of gamma-energies below 600 kev. 


W9. Angular Distributions of Both Proton Ranges from 
O(d, p)O”. N. P. HEYDENBURG, Carnegie Institulion of 
Washington, AND D. R. INGLIs, Johns Hopkins University. 
—The two proton ranges, approximately 8 and 4 cm, ob- 
served by Cockroft and Lewis at deuteron energy 575 kev, 
are associated presumably with the ground state of O"? and 
an excited state at 830 kev. The angular distributions of 
both of these groups of protons has been measured. The 
protons were observed by means of an ionization chamber 
mounted with a screw range adjustment outside any one 
of five thin windows at different angles. The bombarding 
deuterons had well-defined energies ranging between 650 
kev and 1150 kev, and were obtained from the old (atmos- 
pheric-pressure) statitron at the Carnegie Department of 
Terrestrial Magnetism. The character of the distribution is 
rather insensitive to bombarding energy, and thus no sharp 
resonance seems to be involved. The long range group is 
very predominantly forward, and the more intense short 
range group is as predominantly backward, as though each 
were primarily the result of superposition of s and p waves, 
but with different phase relations in the two groups. 


W10. Calculations in the Liquid Drop Model of Fission. 
N. METROPOLIS AND S. FRANKEL, University of Chicago.— 
The liquid drop model of fission as developed by Bohr and 
Wheeler! and others has been studied with the use of an 
electronic calculator, the ENIAC.* Classical deformation 
energies have been calculated for many shapes not all near- 
spherical. Theshapes considered were axially- and primarily 
but not exclusively bilaterally-symmetric, and _ single- 
valued in polar representation. Previous calculations are 
confirmed and extended. Agreement with observed fission 
thresholds and spontaneous fission rates is obtained. No 
explanation of asymmetric fission is found. 


1N. Bohr and J. Wheeler, Phys. Rev. 56, 426 (1939). 
?H. H. Goldstine and A. Goldstine, Math. Tables and Aids to 
Comp. 2, 97 (1946). 


R. B. SETLOW AND 


WI11. The b’ and c States of N:. 
RoLAND Meyerott, Yale University.—A group of bands, 
representing transitions from a '2,* state, 104,421.1 cm™ 
above ground, to the ground state of Ne, have been 
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analyzed. These bands all have heads about 30 cm~ highe 
than Birge and Hopfield’s' c state. A vibrational analysis 
shows that this state is the v=1 level of the b’ state. The 
rotational analysis gives a value, B’=1.143 cm™, which 
confirms this assignment. Thus this state cannot be 
Worley’s? c state. Assuming this latter state to be identicg| 
with Gaydon’s' p state, one would expect rotational pertyr. 
bations at J=10, 11. These perturbations have been gb. 
served in the p state, and are also found in the v= 1 level gf 
b’. The perturbation in the }’ state is such that under low 
dispersion the ground state progression from v=1 would 
seem to be symmetrical doublets at about 50 cm, and 139 


.cm™! from the head. If one were to measure the violet edges 


of these doublets, one would obtain the values given by 
Birge and Hopfield for their c state. We conclude that 
Birge and Hopfield’s ¢ state is the v=1 level of b’, while 
Worley’s ¢ state is identical with Gaydon’s » state. 

1R. T. Birge and J. J. Hopfield, hopaies. J- 68, 257 (1928). 


?R. E. Worley, Phys. Rev. 64, 207 
3A. G. Gaydon, Proc. Roy. Soc. 182, 286 (1944). 


W12. Methods of Calculation of Radiation Patterns of 
Line Sources. Roy C. SPENCER! AND PAULINE AUsTINA~ 
The convolution (Faltung) theorem is employed to simplify 
a number of diffraction problems including, (a) a two-line 
derivatign of the diffraction grating formula of optics, 
(b) approximation by steps and chords, and (c) effects of 
gaps in arrays. The use of recently constructed tables? of 
(sing)/@ and its derivatives is described for calculating 
patterns of linear arrays whose currents are expressed by 
polynomials. An efficient two-term formula gives the beam 
width over the main lobe for a drop of m decibels. Opera- 
tional methods are used to calculate the effect on a diffrac- 
tion pattern of such phase errors as spherical aberration and 
coma. For example, the drop in gain (peak intensity) in 
radiation from a linear array due to Fresnel diffraction is 
4.348"[us/uo— (u2/uo)*] decibels where the phase error 
¢=6x*, the nth moment ua= /x"f(x)dx and f(x) is the 
amplitude over the aperture. For uniform illumination the 
drop in decibels is the square of the maximum path error in 
quarter wave-lengths. The drop is half as much for the 
tapered illumination cosrx/2a, —aSxSa. 

1 Formerly at Radiation Laboratory, now with the Cambridge Field 
Station of the AAF Air Materiel Command, Watson Laboratories. 
This paper is based on work done at Radiation Laboratory for OSRD 
under contract OE Mse-262. 

? Formerly at Radiation Laboratory 


* Report S-58, Radiation taueuers, M.I.T., Cambridge, Massa- 
chusetts. 


W13. An Experimental Study of the Quantum Nature 
of X-Rays.* M. P. Givens, The Pennsylvania State College. 
—An experiment has been performed to test one phase of 
the quantum theory. X-rays collimated by passage through 
two pinholes are allowed to strike a rocksalt crystal. The 
crystal is so oriented that the x-rays arrive along a normal 
to the (100) planes. After diffraction to the left and right by 
symmetrical planes (130 and 130), they pass through slits 
and enter one of two Geiger-Miiller counters placed to 
receive them. The quantum picture provides a certain 
probability that any given x-ray quantum may be detected 
either by the left or right counter but not by both. The 
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detection of quanta by these two counters should be 
incoherent. A coincidence circuit attached to the counters 
gave a count sufficiently small to be explained by the finite 
resolving time of the circuit. If the coincidence count had 
been too large to be explained in this way, it would have 
constituted a contradiction of the quantum theory. In 
contradiction it may be assumed that the x-ray quantum is 
detected simultaneously by both counters, then the co- 
incidence count would be determined by the efficiency of 
the Geiger-Miiller counters. Using this assumption it is 
possible to evaluate the efficiency of the counters from the 
data. The efficiency so determined is not independent of the 
counting rate and its average value is smaller than the 
accepted value! by a factor of 100. 


* This work was assisted by a Grant-in-Aid of Research from the 


Society of Sigma Xi. 
eM. Sullivan, Rev. Sci. Inst. 11, 356 (1940). 


Wi4. An “Inside” Counter for Soft Beta-Emitters. 
L. W. Lasaw, National Institute of Health.—A counter for 
soft beta-particle emitters, such as C“ and S*, in which 18 
solid samples may be introduced directly into the Geiger 
counter at one time and counted in any order surmounts 
the usual objectionable features accompanying the greater 
efficiency of this type of counter (over the thin window 
type) of non-reproducibility and excessive time lost in 
introducing a few samples at each filling. It is very simply 
put together using two standard Pyrex vacuum desiccator 


lids. The one male ground glass stopper is cut open and 
fitted with a copper cylinder and central wire, while the 
second stopper is used to rotate the sample holder so that 
any one of the 18 cups may be positioned under the copper 
cylinder and thence counted. Measurements indicate that 
the count on any one sample is independent of the others in 
the counter. The positioning of the sample cups is also not 
very critical. Introduction of a standard as one sample 
every time the counter is filled allows the comparison of 
data from all fillings. 


SP1. The Discharge Mechanism of Self-Quenching 
G-M Counters. S. H. Liesson, Naval Research Labora- 
tory.—A split counter arrangement was used to investigate 
the absorption coefficient of the radiation which causes the 
discharge to spread along the wire of a counter after the 
triggering of a pulse. The counters used were filled with 
various pressures of methylene bromide and argon, and 
ethyl alcohol and argon. The results indicated that the 
vapor dissipates electron energies, thereby reducing the 
number of photons produced during the discharge. It was 
also observed that the absorption coefficient was a function 
of the argon alone, from which it was concluded that photo- 
ionization of the argon was responsible for spreading the 
discharge along the wire. This behavior was also observed 
with helium and neon in combination with alcohol or 
methylene bromide. 





